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Abstract— -The  U.S.  National  Marine 
Fisheries  Service  has  undertaken  to 
measure  the  economic  performance 
of  fisheries  that  have  implemented 
catch  shares  as  a management  strat- 
egy. Among  the  metrics  used,  change 
in  productivity  was  identified  as  im- 
portant, and  considerable  research 
has  been  conducted  to  construct  met- 
rics and  to  measure  this  change.  We 
introduce  the  Bennet-Bowley  (BB) 
indicator  as  another  tool  to  measure 
change  in  productivity,  show  how 
to  construct  the  indicator,  and  ap- 
ply it  to  the  northeast  multispecies 
fishery,  which  adopted  a catch  share 
system  in  2010.  The  BB  indicator  is 
then  used  to  show  the  contribution 
of  vessels  entering,  continuing  with- 
in, and  exiting  the  fishery  to  overall 
fleet  productivity.  Results  showed 
that  after  catch  share  management, 
fleet  productivity  declined  and  that 
vessels  continuing  in  the  fishery 
as  a group  contributed  the  most  to 
a decline  in  aggregate  productivity. 
On  a per-vessel  basis,  a core  group 
of  vessels  continuing  in  the  fishery 
and  that  were  present  throughout 
the  study  period  showed  a decline  in 
productivity  after  catch  share  man- 
agement was  implemented.  These 
declines  were  caused  by  reduced  out- 
puts (i.e.  catch)  in  relation  to  use  of 
inputs  (e.g.  labor,  fuel,  materials)  af- 
ter catch  shares  were  implemented. 
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Management  of  commercial  and  rec- 
reational fisheries  has  long  been  a 
topic  of  interest  in  public  policy  cir- 
cles. This  interest  is  due  to  the  com- 
mon pool  nature  of  the  resource,  and 
the  human  dimension  of  the  various 
user  groups  that  rely  on  the  resource 
for  food,  income,  and  recreational 
opportunities.  Policy  choices  for  the 
management  of  the  resource  are  typi- 
cally multidimensional,  and  involve  a 
variety  of  regulatory  instruments  to 
control  catch.  Because  management 
decisions  are  usually  tied  to  the  sta- 
tus of  fish  stocks,  governments  typi- 
cally monitor  and  assess  changes  in 
the  fish  biomass  on  a regular  basis. 
However,  there  is  often  not  an  equiv- 
alent monitoring  system  to  track 
changes  in  the  socio-economic  status 
and  well-being  of  resource  users  who 
depend  on  the  fishery  for  part,  or  all, 
of  their  livelihood. 

Gradually,  there  has  been  a shift 
in  terms  of  assessing  changes  which 
take  place  among  marine  fishery 
user  groups,  particularly  after  impor- 
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tant  management  modifications  have 
taken  place.  In  the  United  States, 
this  shift  in  appraisal  has  been 
partially  due  to  further  adoption  of 
“rights  based  management”  in  fish- 
eries, also  known  as  “catch  shares,” 
which  secures  a certain  share  of  the 
total  allowable  catch  (TAC)  from 
a fishery  for  an  individual  vessel 
owner,  community  or  association. 
Although  catch  shares  have  existed 
in  some  form  since  1990  in  U.S.  fish- 
eries, recent  interest  in  expanding 
catch  shares  to  multiple  fisheries 
has  generated  interest  in  creating  a 
consistent  set  of  socio-economic  per- 
formance indicators  for  these  fisher- 
ies (Clay  et  al.,  2014;  Murphy  et  al., 
2015).  Currently,  the  same  effort  has 
not  taken  place  for  recreational  fish- 
eries. Consequently,  the  focus  in  our 
study  will  be  on  commercial  fishing 
vessels. 

The  interest  in  evaluating  eco- 
nomic and  social  changes  centered 
on  fishing  fleets  and  communities  is 
a positive  development.  It  recognizes 
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that  a more  complete  evaluation  of  management  suc- 
cess includes  changes  that  occur  in  the  harvesting  sec- 
tor and  how  the  people  who  depend  on  the  resource  for 
their  livelihood  are  impacted  by  management  choices. 
An  initial  set  of  indicators  developed  in  the  U.S.  north- 
east region  were  broken  into  5 broad  groupings:  finan- 
cial viability,  distributional  outcomes  (i.e.  distibution 
of  benefits  and  costs  of  a program  among  individuals, 
groups  and  communities),  governance,  stewardship, 
and  well-being  of  fishermen  and  fishing  communities 
(Clay  et  al.,  2014).  The  choice  of  these  categories  was 
the  result  of  a collaborative  effort  among  economists 
and  other  social  scientists  in  the  northeast  region. 

Among  the  indicators  of  financial  improvement,  a 
change  in  productivity,  hereafter  “productivity  change,” 
has  been  the  focus  of  a concerted  effort  within  the  U.S. 
National  Marine  Fisheries  Service  (Walden  et  al.,  2012, 
2015;  Thunberg  et  al.,  2015).  Simply  put,  productivity 
change  describes  how  the  landings  from  fishing  vessels, 
and  the  inputs  (fuel,  labor,  materials)  used  to  produce 
those  landings  change  through  time.  This  indicator  is 
important  because  productivity  change  is  directly  tied 
to  profit  change.  If,  for  example,  prices  for  the  fish 
landed  are  stable,  and  the  inputs  such  as  fuel  used  on 
a fishing  trip  do  not  change,  profits  can  increase  if  ves- 
sels are  able  to  produce  more  landings  (outputs)  for  a 
given  level  of  inputs. 

Because  fishing  vessels  typically  land  more  than  one 
species  of  fish  and  use  several  different  inputs  such  as 
fuel,  labor,  and  vessel  capital  to  land  fish,  in  order  to 
measure  productivity,  both  landings  and  inputs  need  to 
be  aggregated  into  single  values.  Combining  input  and 
outputs  into  single  values  is  typically  done  with  aggre- 
gators, which  are  determined  by  either  nonparametric 
or  parametric  programming  methods,  or  by  prices.  In 
this  article,  we  use  prices  to  aggregate  inputs  and  out- 
puts. Once  the  landings  produced  (noted  as  W’)  and  the 
inputs  used  (noted  as  “X’)  are  aggregated  into  a single 
value,  in  any  time  period,  productivity  can  be  viewed 
as  either  the  ratio  of  the  output  value  aggregate  Q(Y) 
to  the  input  value  aggregate  Q(X)  (i.e.,  TFP-QCY) / 
Q(X)),  or  the  difference  between  the  2 quantities  (i.e., 
TFP=Q(Y)-Q(X)).  According  to  Diewert  (2005),  if  the 
ratio  measure  of  TFP  is  used  (i.e.  Q(Y)/Q(X)),  the  re- 
sulting measure  is  called  an  index,  whereas  if  the  sec- 
ond additive  definition  is  used,  the  measure  is  called 
an  indicator.  In  order  to  assess  how  productivity  has 
changed  between  time  periods,  referred  to  as  t and  0, 
productivity  change  is  then  either  TFPt/TFP0,  or  TFPt 

- tfp0. 

There  have  been  a large  number  of  studies  in  which 
an  index  number  is  used  to  measure  change  in  produc- 
tivity in  fisheries  (Squires,  1992;  Jin  et  al.,  2002;  Fox 
et  al.,  2003;  Brandt,  2007;  Stephen  and  Vieira,  2013; 
Walden  and  Kitts,  2014;  Pan  and  Walden,  2015).  The 
difference  between  these  studies  was  usually  in  the 
way  in  which  the  index  number  was  constructed,  and 
in  the  prices  used  to  weight  the  inputs  and  outputs.  In 
recent  reports  by  the  U.S.  and  Australian  governments, 
index  numbers  were  used  to  track  trends  over  different 


time  periods  for  multiple  fisheries  (Stephen  and  Vieira, 
2013;  Walden  et  al.,  2015).  However,  there  have  been 
no  studies  that  we  are  aware  of  in  which  an  indicator 
has  been  used  to  measure  changes  in  productivity  in  a 
commercial  fishery. 

In  this  study,  we  introduce  and  measure  change 
in  productivity  on  the  basis  of  differences  with  the 
Bennet-Bowley  (BB)  indicator.  The  BB  indicator  is 
an  attractive  method  to  measure  productivity  change 
because  it  can  be  easily  constructed  in  spreadsheet 
software  and  it  has  additive  properties  that  allow  one 
to  construct  the  indicator  at  the  vessel  level  and  then 
aggregate  results  to  the  overall  fishery  level.  It  does 
not  require  complex  statistical  or  aggregation  methods 
to  measure  a change  in  productivity.  Our  work  contrib- 
utes to  fisheries  productivity  studies  by  showing  how 
the  BB  indicator  can  be  constructed  to  examine  change 
in  productivity,  and  how  it  can  then  be  aggregated  to 
the  fleet  or  fishery  level.  Therefore,  the  BB  indicator 
becomes  another  measure  of  productivity  that  can  be 
added  to  the  growing  toolbox  of  techniques  used  to 
measure  a change  in  productivity  in  commercial  fisher- 
ies. We  also  show  how  a simple  volume  indicator  can 
be  constructed  to  measure  changing  biomass,  which 
can  then  be  combined  with  the  productivity  measure 
to  arrive  at  a measurement  of  biomass-adjusted  pro- 
ductivity. As  far  as  we  know,  our  study  is  the  first  that 
specifically  uses  the  BB  indicator  to  assess  change  in 
productivity  in  a commercial  fishery. 

The  BB  indicator  is  used  to  measure  change  in  pro- 
ductivity in  the  northeast  multispecies  fishery  (i.e., 
groundfish  fishery)  over  a period  covering  the  transi- 
tion to  catch  share  management.  It  is  used  to  examine 
both  the  contribution  of  vessels  entering,  exiting,  and 
continuing  within  the  groundfish  fishery  to  productiv- 
ity change,  and  also  the  impact  of  changing  species  mix 
and  quantities  of  inputs  used  on  productivity.  Results 
show  a significant  decline  in  productivity  after  conver- 
sion to  catch  shares — a decline  caused  by  declines  in 
output  quantities,  and  an  overall  decline  in  produc- 
tivity among  “continuing”  vessels.  Because  continuing 
vesssels  composed  the  largest  vessel  group,  they  had 
the  most  influence  over  total  change  in  productivity. 
Breakdown  of  the  BB  indicator  into  groups  of  outputs 
and  inputs  showed  that  declines  in  quantities  of  out- 
puts overwhelmed  declines  quantities  of  inputs  after 
the  catch  share  system  was  incorporated.  Although  ves- 
sels were  able  to  reduce  their  use  of  inputs  somewhat, 
the  influence  of  declining  outputs  was  greater  and  re- 
sulted in  negative  productivity.  Until  there  is  further 
growth  in  outputs  resulting  from  improved  biomass,  or 
consolidation  of  the  fleet,  increases  in  productivity  are 
unlikely  to  occur. 

Materials  and  methods 

We  are  interested  in  measuring  both  the  overall  pro- 
ductivity change  at  the  fishery  level,  and  the  contribu- 
tion of  different  segments  of  a fishing  fleet  to  a change 
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in  overall  productivity.  Specifically,  we  wish  to  exam- 
ine how  the  productivity  of  vessels  entering,  exiting, 
and  continuing  within  the  fishery  taken  together  influ- 
ences the  aggregate  productivity  measure.  In  order  to 
accomplish  both  tasks,  we  use  the  BB  indicator,  which 
is  a price-weighted  arithmetic  mean  of  the  difference 
in  the  change  in  output  quantities  and  input  quanti- 
ties used  by  firms  (i.e.,  vessels)  (Fare  et  al.,  2008;  Balk, 
2010).  First,  we  show  how  to  derive  the  BB  indicator, 
and  then  how  it  can  be  decomposed  into  3 components: 
1)  the  productivity  of  exiting  vessels,  2)  the  produc- 
tivity of  entering  vessels,  and  3)  the  productivity  of 
continuing  vessels  within  the  fishery.  This  decomposi- 
tion will  allow  us  to  assess  the  contribution  of  each 
group  to  overall  productivity.  A similar  approach  was 
used  to  assess  productivity  gains  in  the  mid-Atlantic 
individual  transferable  quota  (ITQ)  fishery  for  the  At- 
lantic surfclam  (Spisula  solidissima)  and  ocean  quahog 
(Arctica  islandica)  over  a 30-year  time  period  by  using 
the  Fare-Primont  index  (Fare  et  al.,  2015).  However, 
that  approach  required  weighting  individual  productiv- 
ity scores  by  input  distance  functions.  The  BB  indicator 
differs  because  it  requires  no  weighting  of  individual 
productivity  measures,  and  it  can  be  constructed  in 
spreadsheets.  Therefore,  it  is  easier  than  the  Fare-Pri- 
mont approach  for  constructing  the  overall  indicator. 
After  examining  the  influence  of  entering  and  exiting 
vessels,  we  then  extend  the  analysis  in  a different  di- 
rection and  use  the  additive  nature  of  the  BB  indicator 
to  determine  how  the  composition  of  outputs  produced 
and  inputs  used  have  influenced  productivity  change. 
The  additive  nature  of  the  BB  indicator  allows  us  to 
see  how  landings  mix  and  how  changing  input  use 
have  influenced  productivity  change. 

In  terms  of  notation,  let  x1  e 91$!  be  an  input  vector 
at  time  x and  let  y1  e 91^  be  an  output  vector,  t=t,t+ 1. 
Let  the  corresponding  prices  be  w1  e 91^  and  p1  e 91^. 
The  BB  indicator  takes  the  following  form: 


which  is  a price-weighted  difference  between  output 
change  yt+l  - and  input  change  xt+l  - xl.  The  weights 
used,  which  are  the  terms  in  the  square  brackets  are 
formed  by  using  directional  vectors  (gx  ,gy),  gx  e 9^  and 
gy  e 9t^.  Values  need  to  be  chosen  for  these  vectors,  and 
one  possible  choice  is  to  set  the  directional  vectors  (g „ 
gy)  equal  to  the  observed  input  and  output  levels.  Do- 
ing so  makes  the  denominators  in  the  bracketed  term 


equal  to  the  sum  of  total  revenue  and  total  cost.  In- 
stead, we  set  the  value  of  the  directional  vectors  equal 
to  (1,1),  which  restricts  the  sum  of  the  weights  found  in 
Equation  1 to  equal  one,  and  is  consistent  with  share- 
valued weights. 

Note  that  the  weights  include  both  outputs  and  in- 
put prices — a consequence  of  the  fact  that  the  indicator 
is  derived  from  profit  maximization.  A useful  property 
of  the  BB  indicator  is  additivity,  i.e.,  that  the  vessel- 
level  BB  indicators  can  be  added  together  and  it  will  be 
equivalent  to  the  industry-level  calculated  BB  indica- 
tor. We  assume  that  each  group  and  each  unit  member 
face  the  same  prices  which  gives  us  our  desired  decom- 
position, namely  the  ability  to  group  our  fleet  into  3 
different  sets  of  entering  (N),  continuing  (C),  and  exit- 
ing (E)  vessels,  and  the  sum  of  the  indicator  for  each 
group  will  equal  the  total  indicator: 

££tt+1  = (£BC)£+1  + (B£n)‘+1  +(££e)£+1.  (3) 


To  illustrate  how  the  decomposition  works,  for  new 
units  the  indicator  equals 


(BBN)£+1 


1 P 1 

2|ptgy  + iutgx 


+ 


Pt+1 


1 

wt 

2 

Ptgy+Wtgx 

(4) 


Because  these  “new”  units  did  not  exist  in  period  t, 
their  inputs  and  outputs  are  zero  at  t.  For  the  exiting 
units,  inputs  and  outputs  are  zero  in  period  t+ 1 and 
therefore  the  indicator  equals 


(BBe)[+1  = - 


P^y  + Wlgx  P^gy  + WMgX 


Plg  + Wtgx  P^gy  + WMgx 


-Zyl] 

k=l  J 

-14 


(5) 


Adjusting  for  a change  in  biomass  with  a volume 
indicator 


Fishing  vessels  produce  landed  fish  that  are  extracted 
from  a stock,  and  changes  in  productivity  between  2 
periods  are  linked  to  the  changes  in  fish  stocks.  For  ex- 
ample, if  a fish  stock  declines  between  years,  a fishing 
vessel  may  still  be  able  to  maintain  the  same  level  of 
landings  as  those  of  the  prior  year  by  increasing  effort, 
which  means  a greater  use  of  inputs.  Consequently,  a 
productivity  indicator  such  as  the  BB  indicator  would 
decline  between  years  because  the  quantity  of  outputs 
would  stay  the  same,  whereas  the  quantity  of  inputs 
would  increase.  The  relationship  between  productiv- 
ity change  and  biomass  change  has  been  recognized 
for  some  time  now.  Failing  to  account  for  a change  in 
biomass  results  in  a measure  of  productivity  that  has 
been  called  “biased”  in  the  past  (Squires,  1992).  More 
recent  studies  have  used  the  terms  “biomass  adjusted” 
and  “biomass  unadjusted”  productivity  change  (Walden 
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et  al.,  2015).  What  is  usually  important  to  managers 
and  others  is  how  policy  changes  have  impacted  pro- 
ductivity separately  from  changes  in  biomass,  which  is 
why  a biomass-adjusted  measure  is  desired. 

Because  we  wish  to  isolate  the  change  in  productiv- 
ity that  is  associated  with  changing  outputs  and  inputs 
from  a productivity  change  associated  with  changing 
fish  biomass,  a method  needs  to  be  used  to  separate 
productivity  change  from  the  change  in  biomass  in  the 
overall  productivity  metric.  We  follow  the  approach 
used  by  Jin  et  al.  (2002)  and  construct  an  indicator 
of  change  in  biomass  which  is  then  subtracted  from 
the  overall  BB  indicator.  In  this  way,  we  are  treat- 
ing biomass  as  an  input,  recognizing  that  biomass  is 
then  transformed  into  an  output  by  the  fishing  vessel. 
However,  the  biomass  measure  is  subtracted  from  the 
overall  BB  indicator,  rather  than  at  the  individual  ves- 
sel level.  From  a social  planner’s  perspective,  biomass 
that  is  not  harvested  by  the  fleet  during  the  current 
production  period,  has  the  potential  to  be  transformed 
into  an  output  in  the  next  period.  In  our  paradigm, 
the  biomass  is  not  under  control  of  the  vessel,  and  im- 
provements in  biomass  in  subsequent  periods  do  not  di- 
rectly translate  into  increased  future  harvests  because 
managers  set  the  total  allowable  catch  for  each  period. 

The  biomass  indicator  we  choose  has  been  devel- 
oped previously  and  is  called  a “volume  indicator”  (VI) 
(Moosberg  et  al.1).  The  VI  is  calculated  as  follows: 

W = |(pt+1  + p')(st+1-s') 

1 ( B 'I  (6) 

V''  t+i  t+i  „t+i„t  , „t„t+i  _t„t 

— sb  ~ Pb  sb  + Pbsb  — Pbsb  I > 

where  s = the  spawning  stock  biomass  of  species  b in  pe- 
riod t or  f+1;  and 

p = the  price  of  species  b in  period  t or  t+ 1. 

The  VI  is  needed  for  multispecies  fisheries  so  that 
all  species  in  the  multispecies  complex  can  be  included 
in  a single  composite  indicator.  However,  the  same  for- 
mula can  also  be  used  for  a single  species  fishery.  After 
VI  has  been  calculated,  it  is  then  subtracted  from  the 
unadjusted  BB  indicator  to  arrive  at  what  we  term  a 
“biomass  adjusted”  indicator  of  productivity: 

= (7) 

where  subscript  BA  = biomass  adjusted; 

subscript  BU  = biomass  unadjusted;  and 
t = time  period. 

The  northeast  multispecies  fishery 

Before  describing  the  data  that  are  used  in  the  BB  in- 
dicator, a brief  description  of  the  fleet  and  fishery  are 


1  Moosberg,  H.J.,R.  Fare,  S.Grosskopf,  and  P.Roos,  2007.  Vol- 
ume and  price  indicators:  decomposition  and  revenue  with 
an  application  to  Swedish  pharmacies,  8 p.  Department  of 
Economics.  Oregon  State  Univ.,  Corvallis,  Oregon. 


in  order.  There  are  13  fish  species  included  in  the  fish- 
ery management  plan  for  what  is  commonly  referred 
to  as  the  New  England  groundfish  fishery;  additional 
species  are  caught  as  bycatch  and  are  not  considered 
part  of  the  fishery  management  plan.  The  species  in- 
cluded in  the  New  England  groundfish  fishery  are  the 
American  plaice  ( Hippoglossoides  platessoides ),  Atlan- 
tic cod  ( Gadus  morhua),  Atlantic  halibut  ( Hippoglos - 
sus  hippoglossus ),  pollock  ( Pollachius  virens),  Atlantic 
wolffish  ( Anarhichas  lupus),  haddock  ( Melanogrammus 
aeglefinus),  ocean  pout  ( Zoarces  americanus),  Acadian 
redfish  ( Sebastes  fasciatus),  white  hake  ( Urophycis 
tenuis),  windowpane  ( Scophthalmus  aquosus),  winter 
flounder  ( Pseudopleuronectes  americanus),  witch  floun- 
der ( Glyptocephalus  cynoglossus),  and  yellowtail  floun- 
der ( Limanda  ferruginea).  Atlantic  wolffish,  ocean  pout, 
and  windowpane  are  currently  prohibited  from  being 
landed.  The  fishing  fleet  operates  between  Cape  Hat- 
teras,  North  Carolina,  and  the  U.S.-Canadian  border. 
In  fishing  year  2013  (1  May  2013-30  April  2014),  the 
total  exvessel  value  of  landings  from  groundfish  species 
landed  in  the  fishery  was  approximately  $55.2  million 
(U.S  $2010),  although  revenue  from  both  groundfish 
and  non-groundfish  species  landed  on  groundfish  trips 
was  approximately  $270  million.  Revenue  was  estimat- 
ed on  the  basis  of  327  vessels  that  completed  a desig- 
nated groundfish  trip. 

In  May  2010,  Amendment  16  to  the  northest  mul- 
tispecies plan  (available  at  website,  accessed  March 
31,  2017)  was  implemented,  which  expanded  the  use 
of  catch  shares  within  a voluntary  sector  system.  Ves- 
sel owners  were  allocated  a share  of  the  total  allow- 
able catch  (TAG)  for  9 different  groundfish  species2  on 
the  basis  of  their  historical  landings.3  However,  vessel 
owners  were  only  allowed  to  catch  their  quota  if  they 
operated  within  a harvest  cooperative  (i.e.,  approved 
fishing  sector).  The  amount  of  each  species  that  could 
be  potentially  harvested  by  a sector  (allowable  catch 
entitlement,  or  ACE)  is  the  sum  of  individual  shares 
that  each  vessel  brings  into  the  sector.  Sector  manage- 
ment then  set  the  rules  for  managing  their  portfolio  of 
species  for  the  benefit  of  sector  members.  Vessel  owners 
wishing  to  buy,  lease,  or  sell  their  ACE  are  subject  to 
the  trading  rules  for  their  respective  sector.  These  rules 
may  specify  that  trades  take  place  within  the  sector  be- 
fore transactions  are  made  with  owners  in  a different 
sector.  Thus,  the  ACE  is  not  as  freely  tradable  as  an 
ITQ.  Additionally,  vessels  are  still  subject  to  year  round 
area  closure  regulations,  which  were  retained  from  the 
prior  plan,  but  fishermen  may  request  exemptions  from 
seasonal  closures  and  trip  limits. 


2 Species  included  the  Atlantic  redfish,  pollock,  white  hake, 
witch  flounder, American  plaice,  winter  flounder,  yellowtail 
flounder,  Atlantic  cod,  and  haddock.  Additionally,  some  spe- 
cies had  TAG  assigned  by  stock  area.  The  qualifying  period 
for  determining  each  owner’s  TAG  was  1996-2006. 

3 Under  the  prior  Amendment  13,  2 small  sectors  had  been  al- 
lowed to  form  which  both  harvested  Atlantic  cod  from  Georg- 
es Bank.  Amendment  16  substantially  expanded  the  number 
of  allowed  sectors. 
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Each  sector  must  hold  an  ACE  (which  includes  both 
landings  and  discards)  for  all  species  in  an  area  where 
a vessel  is  to  fish.  Because  different  species  are  often 
caught  together  in  a single  area,  stocks  for  which  where 
there  is  a low  overall  quota  have  the  potential  to  shut 
off  fishing  of  more  abundant  stocks,  and  are  referred 
to  as  “choke”  stocks.  Once  an  ACE  is  exhausted  for  a 
single  species  in  a sector,  no  further  fishing  in  the  stock 
area  can  take  place  by  sector  members,  thereby  limit- 
ing fishing  for  other  species  for  which  sectors  have  an 
available  ACE.  Essentially,  there  is  not  enough  avail- 
able supply  of  ACE  for  these  stocks  to  satisfy  demand 
for  an  ACE  within  the  sector.  Depending  on  the  trading 
rules  for  a given  sector,  members  can  go  outside  their 
own  sector  to  lease  additional  ACE  if  it  is  available 
and  needed. 

Before  Amendment  16,  vessels  did  not  operate  under 
hard  quotas  for  most  stocks,  but  rather  under  target 
TACs,  which  were  set  for  the  fishery  as  a whole.  Under 
a target  TAC,  fishing  could  continue  even  if  the  TAG 
was  exceeded,  and  then  additional  fishing  restrictions 
would  be  put  in  place  the  following  fishing  year  to  ad- 
just the  harvest  to  an  appropriate  level  given  the  ex- 
cess harvest.  In  some  respects,  the  catch  share  system 
is  more  restrictive  than  the  past  controls  of  fishing  ef- 
fort, although  sector  members  can  request  waivers  from 
some  of  the  individual  regulations  on  fishing  effort  that 
still  exist.  We  also  note  that  the  hard  quotas  imposed 
would  still  be  part  of  any  management  system  chosen. 
When  sectors  were  proposed  as  a management  option, 
there  was  a great  deal  of  uncertainty  about  future  quo- 
tas. Nevertheless,  it  was  hoped  that  the  sector  system 
would  help  stabilize  a fleet  that  had  been  in  a state  of 
decline  for  several  years.  There  was  a sense  that  the 
system  would  allow  the  fishing  fleet  to  get  away  from 
the  “regulatory  treadmill”  that  had  plagued  it  for  years 
with  continually  changing  regulations  to  control  fishing 
effort  (Lee  and  Thunberg,  2013). 

During  the  first  year  of  the  plan,  roughly  98%  of 
the  ACE  was  held  by  vessels  that  joined  sectors  (Lee 
and  Thunberg,  2013).  It  should  be  noted  that  each  sec- 
tor acts  independently  to  further  the  self-interest  of 
its  members.  Generally,  vessel  owners  within  a sector 
have  been  treating  the  quota  they  bring  into  a sector 
as  their  own  allocation,  such  as  they  would  have  done 
within  an  ITQ  system.  Each  sector  member  is  jointly  li- 
able with  other  sector  members  if  the  sector  exceeds  its 
allocation  for  any  stock.  A large  amount  of  monitoring 
takes  place  within  sectors  to  ensure  that  allocation  for 
any  species  is  not  exceeded. 

Vessel  owners  that  elected  not  to  join  a sector  are  al- 
lowed to  use  their  vessels  under  the  “common  pool”  sys- 
tem, where  they  are  subject  to  regulations  on  fishing 
effort,  along  with  an  aggregate  allowable  catch  limit 
(ACL)  for  each  species.  Under  this  system,  each  vessel 
is  allocated  a number  of  fishing  days  for  the  entire  fish- 
ing year,  and  vessels  are  allowed  to  lease,  buy,  or  sell 
days  with  other  members  of  the  common  pool.  However, 
trading  is  highly  restricted  because  vessels  can  trade 
only  with  other  vessels  of  similar  size.  This  restriction 


was  meant  to  prevent  days  from  being  transferred  from 
vessels  with  low  fishing  power  to  those  with  higher  fish- 
ing power.  Vessels  under  the  common  pool  system  are 
also  subject  to  the  same  year  round  area  closures  as 
are  vessels  fishing  in  the  catch  share  system;  moreover 
they  are  subject  to  seasonal  closures  from  which  sector 
vessels  may  obtain  an  exemption.  The  ACL  applies  to 
all  vessels  in  the  common  pool  and  could  potentially 
lead  to  fishing  derbies  as  vessels  try  to  fish  their  days 
as  quickly  as  possible  before  the  fishery  is  shut  down. 
Currently,  the  ACLs  for  the  common  pool  are  divided 
into  3 trimesters  to  smooth  catch  levels  over  the  year. 

There  are  several  different  types  of  fishing  ves- 
sels that  harvest  species  managed  in  the  fishery,  but 
we  limit  this  study  to  vessels  which  used  otter  trawl, 
gillnet,  or  longline  gear  and  landed  catch  on  identified 
groundfish  trips.  These  gear  groups  are  used  to  harvest 
the  majority  of  the  landings  in  this  fishery  and  are  con- 
sistent with  the  methods  used  by  others  to  assess  pro- 
ductivity change  in  this  fishery  (Murphy  et  al.,  2015). 
Otter  trawl  nets  are  towed  behind  a vessel  to  catch  fish 
and  are  considered  a mobile  gear.  Fixed  panels  of  nets 
are  used  with  gillnet  vessels  and  baited  hooks  on  set 
lines  in  the  water  column  are  used  with  longline  ves- 
sels, and  both  types  of  vessels  then  retrieve  the  fishing 
gear  after  a certain  amount  of  time.  Both  gears  are  con- 
sidered fixed  gear.  Between  2007  and  2013,  the  number 
of  vessels  in  these  gear  groups  declined  dramatically, 
from  585  to  283  (Table  1).  On  average,  the  size  of  the 
vessels  (by  tonnage  and  horsepower)  increased  over  the 
same  time  period,  whereas  the  average  number  of  trips 
declined  and  average  days  at  sea  increased.  During 
2013,  the  average  number  of  trips  was  quite  low  (28.9), 
whereas  the  average  days  spent  fishing  increased  to 
55.2,  the  highest  level  during  the  time  period.  Average 
revenue,  which  was  based  on  all  species  caught  on  trips 
which  were  identified  as  a multispecies  trips,  peaked 
in  2011  at  $298,400  (U.S.  $2010,  Table  1).  After  2011, 
revenue  declined  for  the  following  2 years.  After  imple- 
mentation of  the  catch  share  system,  revenues  earned 
were  higher  than  the  3 years  before  implementation  of 
the  management  plan  (2007-2009). 

Data 

In  order  to  derive  the  BB  indicator,  data  on  quanti- 
ties landed,  inputs  used  to  produce  the  correspond- 
ing landings,  prices  paid  for  the  landings,  and  prices 
paid  for  the  inputs  used  in  the  production  process  are 
needed.  Because  of  the  large  number  of  species  land- 
ed by  groundfish  vessels,  the  groundfish  speices  were 
separated  into  6 different  groups.  Additionally,  monk- 
fish ( Lophius  americanus ) was  included  in  one  of  the 
groupings  and  the  barndoor  skate  ( Dipturus  laevis),  ro- 
setta  skate  ( Leucoraja  garmani ),  winter  skate  ( Leuco - 
raja  ocellata),  clearnose  skate  ( Raja  eglanteria),  thorny 
skate  ( Amblyraja  radiata),  little  skate  ( Leucoraja  erina- 
cea),  and  smooth  skate  ( Malacoraja  senta ) were  broken 
out  into  their  own  category.  These  species  are  caught 
as  bycatch  on  groundfish  trips.  The  species  groupings 
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Table  1 


Number  of  vessels,  mean  physical  characteristics,  effort,  and  revenue  for  vessels  used  to  derive  the 
Bennet-Bowley  productivity  indicator  in  this  study  to  measure  productivity  change  before  and  after  the 
implementation  of  a catch  share  system  in  2010  for  the  northeast  groundfish  fishery. 


Year 

Vessels 

Mean 
weight 
(metric  tons) 

Mean 

length 

(m) 

Mean 

horsepower 

(hp) 

Trips 

Mean 
number 
of  days 
fished 

Mean 

value 
($1000s 
U.S.  2010) 

2007 

585 

54 

16.2 

426 

39.9 

44.4 

210.2 

2008 

535 

54 

16.2 

429 

43 

46.6 

214.2 

2009 

489 

52 

16.2 

428 

45.8 

47 

209.8 

2010 

371 

54 

16.2 

446 

28 

43 

239.5 

2011 

344 

57 

16.5 

455 

34.9 

54.6 

298.3 

2012 

338 

58 

16.5 

460 

33 

53.6 

246.1 

2013 

283 

59 

16.8 

467 

28.9 

55.2 

241.6 

were  Atlantic  cod,  haddock,  roundfish  (pollock,  white 
hake,  and  monkfish),  flatfish  (yellowtail  flounder,  witch 
flounder,  winter  flounder,  American  plaice),  skates 
(barndoor,  rosetta,  winter,  clearnose,  thorny,  little,  and 
smooth  skates),  and  an  “other”  category  which  was  all 
other  species. 

Inputs  included  fuel,  ice  (for  storing  fish),  bait  (only 
on  vessels  using  hook-and-line  gear),  crew  services,  and 
capital  user  cost.  The  quantity  of  fuel  used  on  each 
trip  was  calculated  from  trip  level  regression  mod- 
els (Walden  and  Kitts,  2014).  Fuel  price  ($2010,  GDP 
implicit  price  deflator)  was  an  average  yearly  price 
calculated  from  fuel  prices  collected  on  trips  with  an 
observer  present  (i.e.,  sampling  trips).  Crew  services 
were  the  product  of  crew  size  obtained  from  vessel  log- 
books multiplied  by  the  corresponding  days  the  vessel 
spent  at  sea.  Because  crew  members  in  this  fishery  are 
usually  compensated  by  sharing  in  the  proceeds  from 
the  trip,  there  is  no  observed  wage  rate  (i.e.,  price  of 
labor)  to  use  in  the  index.  Instead,  the  average  hourly 
earnings  for  construction  workers  obtained  from  the 
Bureau  of  Labor  Statistics  (Current  Employment  Sta- 
tistics, website,  accessed  March  2015)  was  used  as  a 
proxy  for  hourly  crew  wages  because  crews  need  to  be 
compensated  at  least  as  much  as  they  be  for  labor  in 
other  industries  (i.e.,  opportunity  cost).  Although  the 
choice  of  opportunity  cost  data  may  seem  arbitrary, 
past  studies  have  used  similar  approaches  although 
the  choice  of  alternative  occupations  has  varied.  For 
example,  Squires  (1992)  used  the  average  hourly  wage 
in  the  retail,  transportation,  and  manufacturing  sectors 
in  his  study  of  the  Pacific  coast  trawl  fishery.  Skirtun 
and  Vieira  (2012)  used  the  hourly  wages  of  agricultural 
workers  in  Australia  in  their  study  of  profit  drivers  in 
Australian  fisheries.  Given  the  wide  geographic  distri- 
bution of  vessels  in  our  study  (Maine  to  Virginia),  we 
consider  the  wage  rate  for  construction  workers  to  be 
an  appropriate  measure  for  wages.  Hourly  wages  mul- 
tiplied by  8 was  considered  the  daily  opportunity  cost 


of  crew  labor.  The  daily  cost  of  food  per  crew  member, 
calculated  from  sampling  trips,  was  then  added  to  the 
daily  wage  rate  to  obtain  a total  daily  cost  per  crew 
member  per  day  at  sea. 

In  past  studies,  fishing  vessel  performance  was 
mearsured  by  using  the  concept  of  capital  services  to 
measure  the  flow  of  capital  (Squires,  1992;  Dupont  et 
al.,  2005).  In  this  study,  we  need  both  a price  for  capital 
and  a quantity  of  capital  for  each  time  period.  To  cal- 
culate the  price  of  capital  during  each  period,  we  adopt 
the  “capital  user  cost”  concept  (Balk,  2011),  which  is  a 
per  unit  (vessel)  cost  constructed  from  3 components: 

1)  the  opportunity  cost  of  capital,  which  reflects  the 
the  price  which  must  be  paid  to  an  owner  of  an  as- 
set to  prevent  the  asset  from  being  sold  (Balk,  2011); 

2)  the  value  change  of  the  asset,  which  reflects  both 
depreciation  and  re-investment  in  the  asset  (for  the 
vessels  in  this  study,  only  depreciation  will  be  consid- 
ered, because  investment  value  is  generally  not  avail- 
able); and  3)  the  specific  taxes  levied  on  the  use  of  an 
asset,  which  are  not  relevant  to  the  fishing  vessels  in 
this  study.  We  note  that  this  approach  is  essentially 
the  same  method  outlined  by  Christensen  and  Jorgen- 
son (1969).  However,  we  are  limited  in  our  ability  to 
carry  out  these  calculations  because  of  a lack  of  data 
on  investment  value  and  because  vessel  values  likely 
changed  after  the  switch  to  sector  management. 

The  value  of  capital  was  set  at  $5053  per  meter  of 
vessel  length  (Pan  and  Walden,  2015),  and  the  interest 
rate  used  was  the  yield  for  BAA-rated  bonds  (Squires, 
1992;  Walden  and  Kitts,  2014)  deflated  to  2010  levels 
by  using  the  GDP  implicit  price  deflator.  Depreciation 
was  set  at  6%,  which  was  based  on  rates  established 
by  the  U.S.  Bureau  of  Economic  Analysis.  The  quantity 
of  capital  used  is  the  the  percentage  of  recorded  fish- 
ing time  a vessel  has  spent  in  the  groundfish  fishery. 
A vessel  that  operates  100%  of  the  time  in  the  fishery 
has  a value  of  1.  By  making  this  adjustment,  the  en- 
tire capital  user  cost  is  not  charged  to  the  groundfish 
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Table  2 

Bennet-Bowley  (BB)  productivity  indicators,  biomass  volume  indicator,  and  bio- 
mass-adjusted  BB  productivity  indicator  for  the  period  2007-2013.  The  BB  indica- 
tor is  based  on  2 years  of  data;  therefore,  the  values  for  the  row  labeled  2008,  for 
example,  are  results  for  the  time  period  2007-2008. 


Year 

Output 

indicator 

Input 

indicator 

BB 

indicator1 

Biomass 

indicator 

Biomass- 

adjusted 

BB  indicatior 

2008 

0.30 

-0.07 

0.37 

-0.07 

0.44 

2009 

0.11 

-0.06 

0.17 

-0.21 

0.38 

2010 

-0.94 

-0.16 

-0.79 

-0.27 

-0.52 

2011 

0.09 

0.08 

0.01 

-0.06 

0.07 

2012 

-0.79 

-0.04 

-0.75 

-0.36 

-0.39 

2013 

-0.25 

-0.07 

-0.18 

-0.09 

-0.09 

BB  indicator  >0  indicates  improvement,  whereas  a value  <0  indicates  decline. 


fishery  if  the  vessel  operated  part  of  the  year  in  other 
fisheries  (Fare  et  al.,  2015). 

In  addition  to  fuel,  labor,  and  capital,  the  quantity 
of  ice  used  per  trip  was  also  included  as  an  input  cat- 
egory. Vessels  that  used  longline  gear  included  one  ad- 
ditional input  category,  which  was  bait.  Total  bait  cost 
was  obtained  from  observer  data,  but  it  was  only  an 
aggregate  cost  with  no  price  or  quantity  data.  In  order 
to  include  the  quantity  of  bait,  an  average  cost  per  day 
at  sea  for  bait  was  calculated  from  sea  sampling  trips. 
Bait  cost  was  then  multiplied  by  days  spent  at  sea  (as 
recorded  in  the  vessel  logbooks)  to  obtain  the  total  cost 
of  bait  for  each  trip.  In  the  bait  price  and  quantity 
components,  days  at  sea  were  used  as  the  quantity  in- 
put, and  the  cost  per  day  at  sea  for  bait  was  the  price 
component. 

Results 

The  constructed  BB  indicator  is  shown  with  its  com- 
ponent parts,  namely  the  output  indicator  and  input 
indicator,  in  Table  2.  These  are  all  normalized  values 
($  1000s)  where  the  normalization  factor  was  the  2007 
value  of  the  overall  quota  (TAG)  for  most  of  the  ground- 
fish  species  (Table  2). 4 The  2007  TAG  value  was  picked 
as  a normalization  factor  so  that  both  the  BB  indicator 
and  the  VI  used  to  measure  changes  in  biomass  would 
be  normalized  by  the  same  factor.  The  BB  indicator 
is  based  on  2 years  of  data,  consequently  when  inter- 
preting the  results  in  Table  2,  the  row  labeled  2008 
provides  results  for  the  time  period  2007-2008.  Unlike 
a ratio-based  index  number,  the  BB  indicator  can  be 


4  The  species  and  stock  areas  included  in  the  TAG  value  were 
Georges  Bank  Atlantic  cod,  Gulf  of  Maine  Atlantic  cod,  Gulf 
of  Maine  haddock,  southern  New  England  yellowtail  floun- 
der, Gulf  of  Maine  yellowtail  flounder,  American  plaice,  witch 
flounder,  Georges  Bank  winter  flounder,  southern  New  Eng- 
land/mid-Atlantic winter  flounder,  white  hake,  and  pollock. 


either  positive,  or  negative,  with  positive  values  indi- 
cating productivity  increase  and  negative  productivity 
decline. 

The  biomass-adjusted  BB  indicator  showed  increas- 
es in  both  2008  and  2009,  before  dropping  sharply  in 
2010,  which  was  the  first  year  of  the  new  catch  share 
system  (Table  2)5.  The  drop-off  was  expected  because 
the  management  system  adopted  strict  catch  limits 
and  accountability  measures  for  all  participants.  It  was 
also  consistent  with  the  trend  seen  in  the  previously 
published  Lowe  index  that  was  calculated  for  the  an- 
nual performance  report  for  this  fishery  (Murphy  et  al, 
2015). 6 Although  the  Lowe  index  and  BB  indicator  are 
not  directly  comparable,  overall  the  trends  were  gen- 
erally consistent  with  one  another.  Between  2011  and 
2013,  the  biomass-adjusted  BB  indicator  continued  to 
decline. 

Entry  and  exit 

As  the  BB  indicator  has  been  constructed,  vessels  that 
exit  the  fishery  and  do  not  fish  in  a year  will  always 
contribute  negatively  to  the  overall  indicator,  whereas 
entering  vessels  will  always  contribute  positively.  Ves- 
sels continuing  within  the  fishery  may  either  contribute 
positively  or  negatively  to  the  indicator.  Results  show 
that  productivity  changes  in  any  year  are  primarily 
being  driven  by  vessels  continuing  withing  the  fishery 
(Table  3).  Only  in  2011  did  entering  vessels  contribute 


5 The  species  included  in  the  biomass  indicator  were  Georges 
Bank  Atlantic  cod,  Gulf  of  Maine  Atlantic  cod,  Gulf  of  Maine 
haddock,  southern  New  England  yellowtail  flounder,  Gulf  of 
Maine  yellowtail  flounder,  American  plaice,  witch  flounder, 
Georges  Bank  winter  flounder,  southern  New  England/mid- 
Atlantic  winter  flounder,  white  hake,  and  pollock. 

6 The  productivity  estimates  in  the  annual  groundfish  report 
were  based  on  a 2007  base  year,  and  were  converted  to  an- 
nual changes  to  be  consistent  with  the  Bennet-Bowley  indi- 
cator method. 
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Table  3 

Bennet-Bowley  productivity  indicator  values  unadjusted  for  biomass  change  for  continuing,  entering,  and 
exiting  vessels  for  the  period  2007-2013  in  the  northeast  groundfish  fishery.  Note:  2010  was  the  year  in 
which  the  catch  share  system  was  implemented  for  this  fishery. 

Entering  vessels  Continuing  vessels  Exiting  vessels 

No.  of  No.  of  No.  of  Total  value 


Year 

Indicator 

vessels 

Indicator 

vessels 

Indicator 

vessels 

of  BB  indicator 

2008 

0.06 

51 

0.39 

484 

-0.08 

101 

0.37 

2009 

0.03 

49 

0.21 

440 

-0.07 

95 

0.17 

2010 

0.04 

36 

-0.47 

335 

-0.36 

154 

-0.79 

2011 

0.10 

52 

0.04 

292 

-0.13 

79 

0.01 

2012 

0.07 

52 

-0.75 

286 

-0.08 

58 

-0.75 

2013 

0.02 

27 

-0.10 

256 

-0.09 

82 

-0.18 

more  to  the  indicator  than  vessels  continuing  within 
the  fishery  when  both  values  were  positive.  However, 
the  number  of  vessels  in  the  group  continuing  within 
the  fishery  each  year  was  far  greater  than  the  number 
of  entering  vessels,  and  the  additive  nature  of  the  indi- 
cator means  that  they  should  be  contributing  more  to 
the  indicator  unless  entering  vessels  were  much  more 
productive  than  continuing  vessels.  Even  if  entering 
vessels  are  more  productive,  their  low  numbers  mean 
that,  in  aggregate,  they  do  not  contribute  as  much  to 
the  metric  of  fleet  productivity.  The  large  contribution 
by  continuing  vessels  in  the  aggregate  measure  is  con- 
sistent with  that  of  other  studies,  which  show  that  con- 
tinuing vessels  were  the  largest  group  after  a change  to 
a catch  share  system  and  contributed  the  most  to  ag- 
gregate productivity  change  (Walden  et  al.,  2012;  Fare 
et  al.,  2015).  A catch  share  system,  whether  it  is  a co- 
operative system  or  an  ITQ  system,  creates  a barrier  to 
entry  owing  to  limited  quotas  and  the  initial  rules  for 
allocation.  Entering  vessels  may  need  to  buy  or  lease 
a quota,  and  therefore  be  more  productive  to  offset  the 
quota  cost. 

There  was  a core  group  of  vessels  within  the  fleet 
in  our  study  that  was  present  in  all  6 years.  In  order 
to  determine  whether  the  move  to  a catch  share  sys- 
tem changed  the  productivity  of  these  vessels,  a non- 
parametric  Kruskal-Wallis  test  was  used  to  compare 
their  normalized  BB  indicators  before  and  after  catch 
shares  were  implemented  on  an  individual  vessel  ba- 
sis. Results  from  the  Kruskal-Wallis  test  indicated 
that  the  distributions  were  not  equal  (chi-square:  94.9, 
df=l),  and  examination  of  the  BB  indicator  showed 
that  the  postcatch  share,  the  median  value  of  the  BB 
indicator  (-0.003),  was  lower  than  the  precatch  share 
(0.002).  This  result  was  consistent  with  the  results  for 
the  whole  fleet,  which  showed  productivity  declines  af- 
ter the  catch  shares  were  implemented.  It  is  also  con- 
sistent with  separate  findings  for  this  fishery,  which 
showed  declines  in  productivity  after  the  catch  share 
system  was  put  in  place  (Murphy  et  al.,  2015). 

A final  question  regarding  these  core  vessels — a 


question  that  existed  throughout  the  entire  study  pe- 
riod— was  whether  there  were  persistent  differences 
in  performance  between  the  vessels  within  this  group. 
In  order  to  examine  this  question,  vessels  were  sepa- 
rated into  quartiles  depending  on  unadjusted  produc- 
tivity (i.e.,  without  biomass  considered)  in  2008.  Un- 
adjusted productivity  was  used  because  the  VI  used 
to  measure  a change  in  biomass  affected  all  vessels 
equally.  In  other  words,  it  did  not  shift  a vessel  into 
a different  quartile.  Productivity  for  each  group  was 
then  tracked  for  the  remaining  years  in  the  study 
(Fig.  1).  Tracking  of  vessel  groups  allowed  us  to  see 
whether  the  vessesl  with  higher  productivity  contrib- 
uted the  most  to  the  indicator  throughout  the  remain- 
ing years. 

Vessels  that  were  in  the  top  quartile  (i.e.,  with  a 
higher  degree  of  productivity)  during  2008  contributed 
positively  to  the  overall  productivity  gain  in  both  2008 
and  2009,  and,  as  a group,  contributed  more  than  the 
other  3 quartiles  combined.  In  2010,  this  same  group  of 
vessels  contributed  the  most  to  productivity  decline.  In- 
terestingly, the  bottom  quartile  group  in  2008  was  the 
only  group  that  showed  a positive  productivity  gain  in 
2010.  In  2011,  the  top  2008  quartile  contributed  nega- 
tively to  overall  productivity  gain,  whereas  the  other  3 
quartiles  contributed  positively.  In  2012  the  top  2008 
quartile  group  contributed  the  most  to  productivity  de- 
cline, although  there  was  little  difference  among  all  4 
groups.  In  2013,  all  4 groups  had  a negative  produc- 
tivity gain,  and  the  third  quartile  group  contributed 
the  most  to  productivity  decline.  Summarizing  these 
findings  in  terms  of  the  top  2008  vessels  shows  that 
productivity  gains  for  these  vessels  before  catch  shares 
turned  into  productivity  declines  after  the  switch  to  the 
catch  share  system. 

The  reversal  in  economic  status  for  the  top  quar- 
tile indicates  that,  before  the  implementation  of  catch 
shares,  those  vessels  were  successful  within  the  frame- 
work of  regulations  controlling  fishing  effort  that  ex- 
isted during  that  time  period  and  perhaps  aided  by 
permission  to  lease  fishing  days  and  the  lack  of  hard 
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Year 


= Bottom  quartile  2008 
m 2nd  quartile  2008 
V 3rd  quartile  2008 
■ Top  quartile  2008 


Figure  1 

Bennet-Bowley  (BB)  productivity  indicator  values  unadjusted  for  biomass 
change  during  2008-2013  and  shown  by  quartile  (where  the  “top  quartile”  rep- 
resents vessels  with  the  highest  degree  of  productivity  in  2008).  The  BB  indica- 
tor was  used  to  measure  a change  in  productivity  before  and  after  the  imple- 
mentation of  a catch  share  system  in  2010  in  the  northeast  groundfish  fishery. 


quotas  on  several  species.  During  the  catch  share  era 
(2010-2013),  negative  productivity  gains  occurred  for 
these  vessels  in  all  4 years.  Unlike  procedures  of  the 
precatch  share  era  (2008-2009),  the  inability  to  con- 
tinue fishing  because  of  concerns  about  the  proportion 
of  bycatch  in  relation  to  target  species  in  catches,  and 
a lack  of  ACE  for  key  species,  may  be  hindering  the 
ability  of  fishing  crews  to  post  productivity  gains.  Over 
time,  these  vessels  may  again  be  leaders  in  productiv- 
ity gain,  but  it  may  take  time  for  new  trading  arrange- 
ments and  other  institutional  changes  to  allow  these 
gains  to  occur. 

Changes  in  outputs  and  inputs 

Vessels  could  also  improve  their  productivity  by  chang- 
ing their  input  use,  or  switching  their  output  targets, 
and  harvesting  a different  mix  of  species.  The  output 
and  input  portions  of  the  BB  indicator  can  be  exam- 
ined separately,  and  doing  so  showed  that,  in  both 
2008  and  2009  before  catch  shares  were  implemented, 
the  output  indicator  increased,  whereas  the  input  in- 
dicator decreased  (Table  2).  The  years  2008  and  2009 
were  years  before  catch  shares  were  implemented,  and 
all  vessels  were  under  an  input  control  system.  The 
ability  to  reduce  input  use  and  increase  outputs  led 
to  productivity  gains  during  that  time  period.  In  the 
first  year  of  the  new  management  regine  (2010),  both 
the  output  and  input  indicators  decreased.  In  the  fol- 
lowing year,  2011,  the  input  indicator  increased,  and 
this  year  was  the  only  one  in  the  time  series  when  this 
increase  occurred.  This  gain  is  consistent  with  gain  in 
the  data  seen  in  Table  1,  where  both  days  at  sea  and 
the  number  of  trips  increased  in  2011,  along  with  an 


increase  in  the  average  size  of  vessels  operating  in  the 
fishery.  Generally,  in  years  where  both  the  output  indi- 
cator and  input  indicator  declined,  the  declining  use  of 
inputs  was  not  enough  to  offset  the  declining  outputs, 
and  productivity  declined. 

One  possible  reason  for  the  continuing  decline  in 
the  output  indicator  could  be  deterioration  of  the  fish 
stock  biomass.  Because  the  biomass  indicator  devel- 
oped above  is  an  additive  measure,  it  can  be  used  to 
both  adjust  the  productivity  metric  and  to  examine 
trends  in  the  species-specific  components  of  overall 
biomass.  A negative  value  in  the  biomass  indicator  in- 
dicates reduced  fish  biomass.  Between  2008  and  2013, 
the  biomass  indicator  was  negative  in  all  years  (Table 
2).  The  year  2010,  which  was  the  first  year  of  the  catch 
share  plan,  showed  a particularly  large  drop  in  the  VI 
(-0.27). 

Although  the  biomass  indicator  is  used  to  adjust 
the  BB  indicator,  it  does  not  give  a complete  picture  of 
how  biomass  is  impacting  vessel  output.  Specifically,  if 
there  are  species  interactions  among  the  various  stocks 
where  they  are  caught  jointly,  the  most  constraining 
stock  would  likely  be  limiting  catches  of  other  stocks. 
Availability  of  species  may  also  change  if  there  is  a 
spatial  shift  in  the  distribution  of  species.  For  example, 
species  may  shift  more  offshore  to  deeper  colder  water 
because  of  environmental  changes.  With  a catch  share 
system  where  quotas  can  be  “unbundled”  and  leased 
on  a species  basis,  it  may  be  possible  for  quotas  to  be 
traded  in  a manner  such  that  vessels  that  are  special- 
ists in  one  species  can  lease  or  buy  quota  that  will  not 
constrain  their  activities.  The  trading  arrangements 
which  would  facilitate  “unbundling”  of  quotas,  however, 
may  take  some  time  to  evolve. 
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There  is  also  a question  of  how  the  use  of  inputs 
changes  after  the  transition  to  catch  shares  is  imple- 
mented. Again,  the  additive  property  of  the  indicator 
shows  how  vessels  altered  their  use  of  inputs  after  the 
transition  to  the  new  catch  share  plan  (Table  2).  With 
the  exception  of  2011,  the  total  amount  of  inputs  used 
by  the  fleet  declined.  The  largest  decline  in  the  use 
of  inputs  occurred  in  2010,  the  first  year  of  the  catch 
share  plan.  This  drop  in  inputs  was  expected  because 
the  catch  share  plan  gave  vessels  the  opportunity  to  use 
their  inputs  differently  as  their  output  mix  changed,  or 
to  exit  the  fishery.  In  an  output-constrained  fishery,  re- 
ducing the  use  of  inputs  and  the  cost  of  fishing  leads  to 
increasing  profitability  (Squires  et  al.,  2016). 

Discussion 

The  BB  indicator  is  a powerful  tool  that  can  be  used  to 
assess  productivity  change  in  commercial  fisheries.  The 
additive  nature  of  the  indicator  allows  it  to  be  used 
for  examining  productivity  change  starting  at  the  indi- 
vidual vessel  level  and  then  aggregating  the  individual 
results  to  the  fleet  or  fishery  level.  Individual  vessels 
can  be  grouped  into  different  categories  for  comparison, 
such  as  entering,  continuing,  and  exiting  vessels,  and  it 
is  possible  to  determine  which  groups  are  contributing 
the  most  to  productivity  change.  Moreover,  grouping 
vessels  into  different  fleet  segments  can  give  managers 
additional  insight  into  changes  that  have  occurred  in 
response  to  regulatory  actions. 

We  applied  the  BB  indicator  to  measure  productivity 
change  in  the  northeast  multispecies  fishery  and  found 
that  productivity  declined  after  catch  shares  were  im- 
plemented because  outputs  declined  more  than  inputs 
declined.  There  are  a number  of  plausible  reasons  why 
outputs  declined  so  much,  but  it  is  likely  to  have  oc- 
curred because  of  lower  quotas  for  key  stocks.  Because 
catches  usually  include  a mixture  of  species,  lower  quo- 
tas for  key  species  would  constrain  the  catch  of  other 
more  abundant  species.  These  key  species  are  usually 
referred  to  as  “choke”  species. 

The  BB  indicator  was  used  to  examine  the  contri- 
bution of  entering,  continuing,  and  exiting  vessels  to 
productivity  change.  Results  showed  that  continuing 
vessels  contributed  the  most  to  productivity  change 
each  year  because  they  were  the  largest  fleet  segment. 
This  specific  catch  share  system  allows  incumbent  ves- 
sels some  degree  of  protection  from  new  entrants  with 
no  catch  history  because  incumbent  vessels  are  guar- 
anteed a portion  of  the  overall  quota  for  each  species 
for  which  they  have  catch  history.  As  long  as  they  can 
fish  that  quota  profitably,  they  need  not  exit  the  fishery. 
The  lack  of  improved  productivity  is  similar  to  find- 
ings from  studies  of  2 other  fisheries  after  implemen- 
tation of  ITQ  systems  in  other  parts  of  the  world.  In 
the  first,  gains  in  economic  efficiency  in  a Norwegian 
purse-seine  fishery  did  not  occur  after  transition  to  an 
ITQ,  and  this  outcome  was  attributed  partially  to  the 
grandfathering  of  fishing  rights  (N0stbakken,  2012).  In 


a different  study,  after  an  ITQ  system  was  implement- 
ed for  the  Peruvian  anchovy  fishery,  productivity  gains 
did  not  occur,  but  price  increases  did  occur  (Natividad, 
2015).  Over  time,  there  may  be  productivity  gains  both 
in  these  2 fisheries  and  the  fishery  we  highlighted, 
but  such  gains  are  still  uncertain.  Although  we  expect 
less  productive  vessels  to  exit  over  time,  externalities 
still  exist  that  work  against  productivity  gains.  For  ex- 
ample, vessels  can  still  be  displaced  spatially  by  other 
vessels.  If  this  displacement  occurs,  some  crews  (i.e., 
vessels)  may  have  to  use  more  inputs  to  reach  new  fish- 
ing areas,  and  overall  vessel  productivity  may  decline 
depending  on  how  all  the  vessels  adjust  their  fishing 
patterns. 

An  important  part  of  any  exercise  that  examines 
productivity  trends  for  fisheries  is  adjustment  for  bio- 
mass change.  Managers  wish  to  know  the  impact  of 
their  policies  on  productivity  of  the  fleet  separately 
from  any  changes  caused  by  differences  in  biomass.  A 
volume  indicator  was  constructed,  which  is  similar  to 
the  BB  indicator,  to  adjust  for  biomass  in  the  fishery. 
The  value  of  the  volume  indicator  was  subtracted  from 
the  BB  indicator  to  arrive  at  a biomass-adjusted  BB 
indicator.  Declining  biomass  leads  to  a negative  volume 
indicator,  and  subtracting  this  value  means  the  adjust- 
ed BB  indicator  will  be  greater  than  the  unadjusted 
BB  indicator.  In  other  words,  productivity  apart  from 
biomass  would  increase.  In  this  study,  the  biomass  ad- 
justment did  not  change  the  sign  of  the  BB  indicator, 
but  it  did  change  the  magnitude.  Negative  productivity 
changes  were  still  negative,  but  not  as  negative  as  the 
unadjusted  productivity  indicator.  The  issue  of  adjust- 
ing the  productivity  metric  by  biomass  change  is  im- 
portant, and  further  research  needs  to  be  conducted  on 
making  adjustments  at  the  vessel  level  to  account  for 
biomass  change.  Because  the  fleet  BB  indicator  is  an 
aggregate  value,  subtracting  the  biomass  indicator  is 
an  acceptable  approach. 

Productivity  change  is  an  important  economic  metric 
for  managers  to  track  when  gauging  economic  perfor- 
mance, and  the  BB  indicator  is  a very  easy  to  construct 
and  flexible  measure.  However,  productivity  change  is 
just  one  metric  and  needs  to  be  combined  with  other 
metrics,  such  as  price  changes,  profitability,  and  fleet 
size  to  give  meaningful  signals  to  managers.  The  north- 
east groundfish  fishery  is  still  in  a transition  phase  in 
terms  of  vessels  fully  adjusting  to  the  catch  share  sys- 
tem, and  productivity  gains  may  not  be  seen  for  several 
years,  particularly  if  stock  conditions  do  not  improve. 
However,  productivity  change  in  a fishery  will  be  limit- 
ed because  the  vessels  are  harvesting  a finite  resource, 
and  in  any  year  total  output  is  capped  by  the  allowable 
harvest.  Fishery  regulations  are  designed  to  limit  out- 
put, and  productivity  gains  will  eventually  peak  even 
with  full  transferability  of  quota.  Ultimately,  managers 
may  want  to  move  toward  a measure  of  profitability, 
rather  than  productivity,  if  there  are  enough  cost  data 
available  to  gauge  economic  performance.  Profitability 
would  give  a better  indication  of  the  health  of  the  fish- 
ing fleet  than  productivity  by  itself. 
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Abstract' — Gulf  menhaden  ( Brevoor - 
tia  patronus)  produce  one  of  the  larg- 
est U.S.  fisheries,  yet  information  on 
reproductive  dynamics  of  the  stock 
is  sparse.  Males  and  females  reach 
50%  maturity  at  140.8  and  137.2 
mm  fork  length,  respectively  and  re- 
cruit into  the  commercial  fishery  at 
this  size.  Analysis  of  fishery-depen- 
dent  data  from  1964  through  2014 
indicated  that  somatic  condition  was 
lower  during  the  late  1980s  and  late 
2000s  and  that  reproductively  active 
fish  from  2014  were  significantly 
larger  and  had  greater  gonadosomat- 
ic  index  values  than  those  from  1964 
through  1970.  Histological  analysis 
performed  on  fish  from  2014  through 
2016  revealed  spawning-capable  and 
actively  spawning  fish  of  both  sexes 
from  early  October  through  mid- 
March.  Females  have  indeterminate 
fecundity,  are  batch  spawners,  and 
spawn  every  2. 1-4.3  days,  although 
oocyte  recruitment  shows  some  char- 
acteristics of  determinate  fecundity. 
Mean  relative  batch  fecundity  was 
107.8  eggs/g  ovary-free  body  weight 
(standard  error  17.1).  Estimates 
from  age-structured  assessment 
models  based  on  updated  fecundity 
and  maturity  measures  resulted  in 
a lOO-lOOOx  greater  production  of 
eggs  than  previous  estimates.  Model 
output,  including  the  number-at-age, 
age-specific  fishing-induced  mortali- 
ty, and  spawners-per-recruit  are  sen- 
sitive to  alterations  in  age-specific 
annual  fecundity.  Therefore,  updated 
estimates  of  Gulf  menhaden  repro- 
ductive dynamics  can  affect  assess- 
ments of  the  stock. 
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Gulf  menhaden  ( Brevoortia  patro- 
nus), family  Clupeidae,  are  exploited 
by  an  industrial  purse  seine  fleet  and 
a smaller  purse-seine  bait  fleet  in  the 
northern  Gulf  of  Mexico  (GOM).  The 
fishery  comprises  the  largest  catches, 
by  weight,  of  any  fishery  in  the  lower 
contiguous  United  States  (Vaughn  et 
a!.,  2007;  VanderKooy  and  Smith1). 
The  majority  of  the  commercial  land- 
ings (>99%)  are  harvested  for  the  re- 
duction fishery  at  3 facilities  based 
along  the  GOM  coast  (Moss  Point, 
Mississippi,  and  Empire  and  Abbev- 
ille, Louisiana),  which  operates  from 
the  third  Monday  in  April  through 


1  VanderKooy,  S.  J.,  and  J.  W.  Smith  (eds.). 
2015.  The  menhaden  fishery  of  the 
Gulf  of  Mexico,  United  States:  a regional 
management  plan,  2015  rev.  Gulf  States 
Mar.  Fish.  Comm.,  No.  240,  200  p.  Gulf 
States  Mar.  Fish.  Comm.,  Ocean  Springs, 
MS.  [Available  from  website,  accessed 
June  2016], 


October  31  (Vaughan  et  a!.,  2007). 
Harvest  data  for  Gulf  menhaden  are 
estimated  from  daily  catch  records. 
The  most  recent  Gulf  menhaden 
stock  assessment  was  completed  in 
2013  (SEDAR2)  and  updated  in  Oc- 
tober 2016  (Schueller3).  Although  the 
fishery  has  economic  and  ecological 
importance,  changes  in  the  biologi- 
cal aspects  of  the  stock  in  the  past  5 
decades  of  exploitation  have  not  been 
described,  particularly  those  related 
to  reproduction. 


2 SEDAR  (Southeast  Data,  Assessment, 
and  Review).  2013.  SEDAR  32A — 
Gulf  of  Mexico  menhaden  stock  as- 
sessment report,  422  p.  SEDAR,  North 
Charleston,  SC.  [Available  from  web- 
site, accessed  June  2016]. 

3 Schueller,  A.  2016.  GDAR  02— Gulf 
menhaden  stock  assessment:  2016  up- 
date. Gulf  States  Mar.  Fish.  Comm., 
GSMFC  No.  254,  65  p.  GSMFC,  Ocean 
Springs,  MS.  [Available  from  website.] 
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Relatively  little  recent  work  has  been  done  to  de- 
scribe the  reproductive  dynamics  of  Gulf  menhaden. 
Gulf  menhaden  spawn  offshore  in  high-salinity  waters 
(Fore,  1970;  Sogard  et  al.,  1987).  Larvae  are  transport- 
ed to  estuaries  from  late  winter  through  early  spring 
(Shaw  et  al.,  1985;  Govoni,  1997),  and  juveniles  re- 
main in  the  estuary  until  they  move  offshore  the  fol- 
lowing fall.  Females  in  spawning  condition  have  been 
documented  to  occur  from  September  to  April,  but  the 
reported  peak  spawning  season  occurs  between  De- 
cember and  February  (Combs,  1969;  Lewis  and  Roith- 
mayr,  1981).  Gulf  menhaden  are  batch  spawners  (Lewis 
and  Roithmayr,  1981),  but  the  duration  of  the  spawn- 
ing season,  the  frequency  with  which  an  individual 
spawns,  and  annual  fecundity  are  not  well  known,  but 
are  likely  age-  and  length-dependent  (see  Lowerre-Bar- 
bieri  et  al.,  2011).  Because  accurate  age-specific  spawn- 
ing seasonality,  batch  fecundity  (BF),  and  estimates  of 
spawning  frequency  have  not  been  reported  for  Gulf 
menhaden,  the  fecundity  estimates  reported  by  Lewis 
and  Roithmayr  (1981),  currently  employed  in  the  stock 
assessment  model  used  for  Gulf  menhaden,  may  be  in- 
accurate. Such  inaccuracies  can  lead  to  a biased  un- 
derstanding of  the  reproductive  capability  of  the  stock. 

Our  objective  is  to  determine  the  characteristics  of 
the  reproductive  biology  of  Gulf  menhaden  in  order  to 
assess  their  effects  on  stock  assessments  and  to  under- 
stand historical  patterns  of  reproductive  output.  We 
provide  information  on  the  reproductive  biology  of  Gulf 
menhaden,  including  size-at-maturity,  the  duration  and 
timing  of  the  spawning  season,  individual  ovarian  and 
testicular  dynamics,  BF,  and  spawning  frequency,  and 
incorporate  age-specific  fecundity  data  into  an  age- 
structured  stock  assessment  model  to  understand  how 
updated  estimates  can  change  our  understanding  of 
the  Gulf  menhaden  stock.  Finally,  we  evaluate  historic 
changes  in  the  demographic  characteristics  of  the  Gulf 
menhaden  stock  by  comparing  data  collected  from  the 
commercial  fishery  from  1964  through  2014.  This  re- 
search is  intended  to  improve  a general  understanding 
of  the  dynamics  of  the  Gulf  menhaden  stock  and  pro- 
vide information  for  management. 

Materials  and  methods 
Collection  of  samples 

Gulf  menhaden  were  collected  from  Mississippi  and 
Louisiana  coastal  waters  of  the  northern  GOM  from 
August  to  October  2014,  from  January  to  June  2015, 
November  2015,  and  from  January  to  February  2016. 
Samples  were  obtained  opportunistically  from  purse- 
seine  boats  at  the  Omega  Protein  reduction  facility  at 
Moss  Point,  Mississippi,  during  the  commercial  fish- 
ing season  (from  April  to  October)  and  from  commer- 
cial shrimp  trawls  in  February  2015.  Gulf  menhaden 
were  also  obtained  during  trawl  and  gillnet  sampling 
by  the  Louisiana  Department  of  Wildlife  and  Fisher- 
ies (LDWF)  and  the  University  of  Southern  Mississippi 


(USM)  Center  for  Fisheries  Research  and  Development 
(CFRD)  in  the  winter  and  early  spring.  When  possible, 
biological  data  were  collected  from  fish  within  24  h of 
capture  from  fresh  fish  stored  on  ice.  All  collections  ob- 
tained from  LDWF,  and  some  collections  from  Omega 
Protein,  were  frozen  upon  capture,  and  these  specimens 
remained  fully  or  partially  frozen  during  the  recording 
of  biological  data. 

Fish  were  measured  for  fork  length  (FL)  in  milli- 
meters and  weighed  (W)  in  grams,  and  scales  were  re- 
moved from  along  the  lateral  line,  below  the  insertion 
of  the  dorsal  fin,  rinsed,  and  stored  in  paper  coin  en- 
velopes for  age  determination,  consistent  with  current 
fishery  age-sampling  methods.  Sex  was  macroscopically 
determined,  and  gonads  were  removed  and  weighed 
(GW)  to  the  nearest  0.01  g.  The  gonadosomatic  index 
(GSI)  and  condition  factor  (K)  were  calculated  as: 

GSI  = (GW/(W  - GW))  x 100  (1) 

and  K = ( W/FL 3)  x 100,000.  (2) 

Gonads  were  macroscopically  classified  into  reproduc- 
tive phases  according  to  the  terminology  of  Brown- 
Peterson  et  al.  (2011),  and  a portion  of  the  left  gonad 
from  each  fish  was  placed  into  individually  labeled  cas- 
settes and  preserved  in  10%  neutral  buffered  forma- 
lin for  histological  analysis.  Gonadal  tissue  from  fro- 
zen specimens  was  placed  in  cold  (4°C)  formalin  and 
allowed  to  thaw  in  the  refrigerator  in  the  fixative  to 
minimize  damage  to  the  frozen  tissues  and  improve  the 
histological  preparations. 

Age  determination 

Individual  ages  were  determined  by  methods  con- 
sistent with  the  Gulf  menhaden  stock  assessments 
(VanderKooy4).  Collected  scales  were  rinsed  in  warm 
tap  water,  dried,  and  mounted  onto  glass  slides  (n=10 
scales/fish).  Age  estimates  were  determined  by  count- 
ing annuli  on  images  that  were  projected  by  using  an 
Eberbach5  macro-projector  (Eberbach  Corp.,  Ann  Arbor, 
MI)  at  48x  magnification.  A birthdate  of  1 January  was 
assigned  for  all  fish  (SEDAR2).  Fish  captured  in  Janu- 
ary and  February  that  had  scales  with  a large  margin 
beyond  the  last  annulus  were  classified  as  a year  older. 

Reproductive  biology 

Histological  processing  of  gonadal  tissues  followed 
standard  techniques.  Tissues  were  fixed  for  a minimum 
of  1 week,  rinsed  overnight  in  running  tap  water,  de- 
hydrated in  a series  of  graded  ethanols,  and  embed- 


4 VanderKooy,  S.  (ed.)  2009.  A practical  handbook  for  deter- 
mining the  ages  of  Gulf  of  Mexico  fishes,  2nd  ed.  Gulf  States 
Mar.  Fish.  Comm.,  Publ.  No.  167,  136  p.  Gulf  States  Mar. 
Fish.  Comm.,  Ocean  Spring,  MS.  [Available  from  website,  ac- 
cessed June  2016]. 

5 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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ded  in  paraffin.  Tissues  were  cross  sectioned  at  4 pm 
and  stained  with  hematoxylin  and  eosin.  Microscopic 
inspection  of  testicular  and  ovarian  tissues  and  evalu- 
ation of  spermatogenesis  and  oogenesis  followed  the 
method  of  Brown-Peterson  et  al.  (2011).  Reproductive 
phases  were  assigned  to  males  and  females  (Brown-Pe- 
terson  et  al.,  2011),  and  included  immature,  developing 
(with  the  early  developing  subphase),  spawning  capa- 
ble (with  the  actively  spawning  sub-phase  for  females), 
regressing,  and  regenerating.  Additionally,  broad  repro- 
ductive descriptors  of  males  and  females  were  defined 
as  reproductively  active  (including  the  developing, 
spawning  capable,  and  actively  spawning  phases)  or 
reproductively  inactive  (including  the  immature,  early 
developing,  regressing,  and  regenerating  phases). 

Females  assessed  macroscopically  to  be  in  the  ac- 
tively spawning  subphase  were  sampled  for  fecundity 
by  placing  a weighed  portion  (0.01  g)  of  the  ovary  into 
Gilson’s  fixative  or  10%  neutral  buffered  formalin. 
Ovarian  tissue  fixed  in  Gilson’s  fixative  remained  in 
solution  for  a minimum  of  3 months  prior  to  analy- 
sis; tissue  fixed  in  10%  formalin  remained  in  solution 
1 month  before  analysis.  Tissues  were  rinsed  overnight 
in  running  water  and  oocytes  remaining  attached  to 
ovarian  tissue  were  teased  apart.  The  volumetric  meth- 
od (Bagenal  and  Braum,  1971)  was  used  to  determine 
BF  (number  of  eggs),  and  6 replicate  samples  of  all  oo- 
cytes >500  pm,  representing  oocytes  undergoing  oocyte 
maturation  (OM),  were  counted.  To  determine  the  cor- 
rect size  of  oocytes  to  count  for  fecundity  determina- 
tions, all  oocytes  >80  pm  from  an  actively  spawning 
fish  were  counted  and  measured  in  a 1-mL  subsample. 
Oocyte  size-frequency  graphs  were  constructed,  and 
only  oocytes  >500  pm  that  presented  a distinct  mode  at 
the  end  of  the  distribution  were  counted.  This  largest 
batch  of  oocytes  was  verified  histologically  to  be  either 
hydrated  or  undergoing  OM  for  each  sample  analyzed. 
Additionally,  the  oocyte  size-frequency  distribution  of 
secondary  growth  oocytes  (>80  pm)  of  fish  in  the  ac- 
tively spawning  sub-phase  at  the  beginning  (October) 
and  end  (March)  of  the  reproductive  season  was  plot- 
ted to  identify  the  fecundity  pattern  (determinate  or 
indeterminate)  of  Gulf  menhaden,  following  procedures 
described  by  Lowerre-Barbieri  et  al.  (2011). 

Spawning  frequency  of  females  was  determined  by 
calculating  the  percentage  of  females  in  the  spawning 
capable  phase  (including  the  actively  spawning  sub- 
phase) with  1)  <24  h postovulatory  follicle  complex 
(POF)  or  2)  oocytes  undergoing  OM  after  procedures  as 
outlined  in  Brown-Peterson  and  Warren  (2001).  Spawn- 
ing frequency  data  were  used  in  combination  with  BF 
data  to  estimate  total  annual  fecundity. 

Using  fecundity  data  in  the  stock  assessment 

The  Beaufort  Assessment  Model  (BAM)  is  the  primary 
assessment  model  used  for  the  federal  stock  assess- 
ment of  Gulf  menhaden  (Williams  and  Shertzer,  2015). 
Data  inputs  include  a suite  of  fishery-independent  and 
fishery-dependent  data,  and  the  model  is  age  struc- 


tured. Aging  error  was  included  in  the  model,  as  in 
the  “base”  formulation  of  the  BAM  during  the  last 
benchmark  assessment  (see  SEDAR2  for  the  aging  er- 
ror matrix).  Natural  mortality  was  assumed  to  be  time 
invariant,  but  age  varying.  The  sex  ratio  was  fixed  at 
1:1  and  the  parameters  of  the  von  Bertalanffy  growth 
function  were  estimated  internally  and  constant.  Fish 
were  assumed  to  spawn  on  1 January,  and  therefore  all 
reproductive  values  in  the  stock  assessment  correspond 
to  1 January.  The  maturity  ogive  was  fixed  such  that 
0%  of  individuals  were  mature  at  age  0 and  age  1 and 
100%  were  mature  at  age  2.  Mean  lengths  at  age  on  1 
January  were  used  to  calculate  mean  fecundity  at  age 
on  1 January.  Recruitment  was  modeled  with  a Bever- 
ton-Holt  stock  recruitment  curve  and  steepness  was 
fixed  at  0.75.  Selectivity  for  the  commercial  reduction 
fishery  was  assumed  to  be  dome  shaped  and  only  age- 
1 selectivity  was  estimated.  Constant  catchability  was 
estimated  for  each  of  the  2 fishery-independent  gears 
(gill  and  seine  nets)  used  to  sample  the  stock.  Gillnet 
sampling  targets  age-1  to  4+  fish,  whereas  seine  net 
sampling  targets  predominately  age-0  fish. 

We  compared  the  estimates  from  the  “base”  formula- 
tion of  the  BAM,  that  incorporates  age-specific  fecundi- 
ty estimates  from  Lewis  and  Rothymayr  (1981)  and  the 
maturity  schedule  described  above,  with  BAM-derived 
estimates  based  on  alternative  formulations  from  re- 
productive dynamics  described  in  this  work.  We  incor- 
porated 2 changes  to  the  input  variables  in  the  BAM 
model:  the  magnitude  of  individual  egg  production 
and  the  maturity  schedule.  We  used  “high”  and  “low” 
estimated  annual  fecundity  that  were  based  on  the 
mean  length-specific  egg  production  of  each  age  class, 
given  length-at-age  on  1 January,  and  the  minimum 
and  maximum  estimated  number  of  annual  spawns 
for  each  age  class.  The  high  annual  fecundity  scenario 
assumes  more  frequent  spawning  for  each  individual 
relative  to  the  low  annual  fecundity  scenario.  We  also 
altered  the  age-specific  maturity  schedule  based  on  the 
length-specific  maturity  relationship  we  developed.  We 
evaluated  the  temporal  trends  in  the  magnitude  of  egg 
production  of  the  stock  and  the  maximum  proportion  of 
spawners-per-recruit  of  the  stock  for  each  scenario.  We 
also  evaluated  the  year-specific  percent  difference  in 
number  at  age  and  instantaneous  annual  fishing  mor- 
tality ( F ) at  age  between  the  base  model  used  in  the 

2012  stock  assessment  and  the  base  model  used  in  the 

2013  stock  assessment,  using  the  logistic  relationship 
described  in  this  work. 

Comparisons  of  historical  data 

To  assess  historic  changes  in  the  Gulf  menhaden  stock 
in  the  northern  Gulf  of  Mexico  (Mississippi  and  Loui- 
siana) we  used  data  (NMFS6)  obtained  from  the  com- 


NMFS  (National  Marine  Fisheries  Service).  2015.  Unpubl. 
data.  Gulf  menhaden  biostatistical  database.  [Available 
from  Beaufort  Laboratory,  Southeast  Fish.  Sci.  Center.,  Natl. 
Mar.  Fish.  Serv.,  101  Fivers  Island  Rd.,  Beaufort,  NC  28516.] 
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mercial  fishery  from  1964  to  2014  and  archived  at  the 
National  Marine  Fisheries  Service  (NMFS)  Beaufort 
Laboratory.  At  each  commercial  reduction  plant  oper- 
ating during  these  years,  a sample  of  fish  was  taken 
from  the  top  of  the  fish  hold.  Ten  (1971-2014)  or  20 
(1964-1970)  fish  were  haphazardly  selected  from  that 
sample.  Each  fish  was  weighed  (in  grams),  measured 
for  FL  (Schueller  et  al.,  2012),  and  a scale  patch  was 
removed  for  aging.  For  fish  collected  from  1964  to 
1970,  sex  was  determined,  and  gonads  were  weighed 
(in  grams)  and  macroscopically  classified  according  to 
NMFS  criteria  (Huntsman  and  Chapoton,  1973).  For 
these  data,  females  were  considered  reproductively  ac- 
tive with  a GSI>1.0  and  males  were  considered  repro- 
ductively active  with  a GSI>0.5. 

Data  analyses 

Reproductive  biology  Precision  of  macroscopic  in  con- 
trast to  histological  assessment  of  gender,  as  well  as 
reproductive  phase  assessment  for  both  males  and 
females,  was  compared  by  calculating  percent  agree- 
ment (Klibansky  and  Scharf,  2015)  and  testing  with  a 
chi-square  test,  where  differences  were  considered  sig- 
nificant at  P<0.05.  When  only  2 phases  were  compared, 
the  Yates  corrected  chi-square  test  was  used.  The  sex 
ratio  was  calculated  for  each  month  and  overall  and 
was  analyzed  with  a chi-square  test.  The  size-at-50%- 
maturity  for  males  and  females  was  determined  with 
a logistic  regression  in  R software  (vers.  3.1.3;  R Core 
Team,  2015). 

Distribution  of  males  and  females  in  each  reproduc- 
tive phase  for  each  age  were  compared  among  months 
when  fish  were  reproductively  active  by  using  the 
Kolmogorov-Smirnov  2-sample  test  with  a Bonferroni 
adjustment  to  determine  whether  a significant  differ- 
ence existed  in  reproductive  potential  among  months. 
Relative  batch  fecundity  (RBF),  expressed  as  number  of 
eggs/g  of  fish  weight,  was  calculated  as  BF/ovary-free 
fish  weight.  The  relationship  of  BF  and  RBF  to  fish 
size  (FL,  W,  age)  and  K was  determined  by  using  lin- 
ear and  nonlinear  regression  analyses.  Data  were  log10- 
transformed  where  necessary  to  meet  assumptions  and 
provide  a better  linear  fit.  Analyses  were  performed 
with  IBM  SPSS  Statistics  software,  vers.  18  (IBM,  Ar- 
monk,  NY)  and  differences  were  considered  significant 
if  P<0.05. 

Comparisons  of  historical  data  Annual  length-weight 
relationships  were  determined  (1964-2014).  Both 
length  and  weight  were  log-transformed  and  standard- 
ized for  each  year: 


S SD „ 

(3) 

and  h = — — — , 

SDV 

(4) 

where  x = the  log-transformed  length; 

x - the  mean  log-transformed  length;  and 


SDX  = the  standard  deviation  of  x,  y was  the  log- 
transformed  weight; 

y = the  mean  log-transformed  weight;  and 
SDy  = the  standard  deviation  ofy  (Kruschke,  2014). 

Standardizing  the  data  was  necessary  given  the  cor- 
relation between  the  parameters  in  the  length-weight 
relationship. 

Length-weight  relationships  were  fitted  by  using 
Bayesian  methods  for  linear  regression  in  R and  the 
program  JAGS  (Plummer,  2003): 

h = p0  + Pig,  (5) 

where  length,  g,  was  related  to  weight,  h,  through  a 
slope,  Pi,  and  intercept,  p0. 

Priors  for  the  slope  and  intercept  parameters  were 
normally  distributed  N(0,  0.1).  A total  of  30,000  chains 
were  run  for  each  year  and  a 10,000-chain  burn-in 
period. 

Comparisons  of  FL,  GSI,  and  K of  reproductively 
active  males  and  females  collected  in  September  and 
October  during  1964-1970  and  2014-2015  were  made 
with  £-tests;  equality  of  variance  was  assessed  with 
Levene’s  test.  These  analyses  were  performed  with 
IBM  SPSS  Statistics  software  (vers.  18)  and  considered 
significant  at  P<0.05. 

Results 

Age  determination 

Age  estimates  were  determined  from  scales  of  539  Gulf 
menhaden  (269  females,  213  males,  57  fish  of  unknown 
sex)  collected  from  2014  through  2015  and  used  in  our 
analyses  of  reproductive  biology.  Age  estimates  ranged 
from  1 through  4 years,  with  the  majority  of  males  and 
females  in  the  age-2  class.  Most  fish  of  unidentified  sex 
were  age-1,  corresponding  to  immature  or  young-of- 
year  individuals.  There  was  a large  overlap  in  length- 
at-age,  likely  owing  to  the  extended  spawning  season 
and  variability  in  length-at-age. 

Reproductive  biology 

A total  of  697  Gulf  menhaden  were  collected  from  2014 
through  2016  for  reproductive  analysis,  composed  of 
337  females,  294  males,  and  66  fish  of  unknown  sex, 
of  which  22  were  <130  mm  FL  and  sexually  immature. 
Macroscopic  differentiation  of  gender  was  particularly 
difficult  for  fish  that  were  reproductively  inactive  or 
were  frozen  before  analysis.  Overall,  there  was  80% 
agreement  between  macroscopic  and  histological  gen- 
der assignment  for  females  and  84%  agreement  for 
males.  Chi-square  analysis  showed  a significant  mis- 
classification  of  gender  based  on  macroscopic  observa- 
tions for  males  and  females  (x2593=239.1,  P<0.001),  sug- 
gesting histological  analysis  is  necessary  to  accurately 
determine  gender  of  Gulf  menhaden,  particularly  with 
frozen  specimens. 
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Figure  1 

Logistic  regression  of  maturity  at  size  for  (A)  female  and  (B)  male 
Gulf  menhaden  ( Brevoortia  patronus ) collected  from  the  northern 
Gulf  of  Mexico  during  2014  through  2016.  Solid  black  lines  indi- 
cate size  at  50%  maturity.  The  gray  line  is  the  mean  prediction, 
and  the  dotted  lines  are  the  95%  confidence  intervals. 


Overall,  the  sex  ratio  of  Gulf  menhaden 
was  not  significantly  different  from  1:1.  Fe- 
males dominated  the  collections  in  February, 

June,  September,  October,  and  for  all  months 
combined,  and  significantly  more  females  than 
males  were  sampled  in  September  (P=0.019). 
Relatively  equal  sex  ratios  suggested  that  fish 
of  both  sexes  are  equally  susceptible  to  fishing 
pressure  and  there  is  no  difference  in  mortal- 
ity associated  with  gender. 

Size  at  sexual  maturity  was  found  to  be  vir- 
tually identical  for  males  and  females.  Length - 
at-50%-maturity  was  calculated  as  137.2  mm 
FL  and  140.0  mm  FL  for  females  (Fig.  1A)  and 
males  (Fig.  IB),  respectively.  Fish  this  size 
typically  recruit  into  the  commercial  fishery  in 
the  late  summer  and  early  fall  and  were  con- 
sidered to  be  late  age-1. 

Histological  analysis  There  was  poor  agree- 
ment between  macroscopic  and  histological 
assessment  of  reproductive  phase  for  female 
Gulf  menhaden  (%2318=198.2,  PcO.OOl).  How- 
ever, the  Yates  corrected  chi-square  test  for 
comparison  of  histological  and  macroscopic 
agreement  in  reproductive  assessments  of 
the  spawning  capable  and  actively  spawning 
phases  showed  there  was  not  a significant  dif- 
ference in  misclassification  between  these  2 
phases  (Yates  x272=3.44,  P=0.064).  There  was 
also  poor  agreement  between  macroscopic  and 
histological  assessment  of  reproductive  phase 
for  male  Gulf  menhaden  (x2275=137.Q,  PcO.001). 
However,  agreement  between  macroscopic  and 
histological  assessments  of  reproductive  phase 
improved  when  Gulf  menhaden  were  classified 
as  either  reproductively  active  or  inactive.  For 
females,  99%  of  fish  macroscopically  assessed  as  repro- 
ductively inactive  remained  in  that  classification  after 
histological  inspection  and  there  was  an  82%  agreement 
between  macroscopic  and  histological  assessment  for  re- 
productively active  females.  Similarly,  males  showed  a 
98%  agreement  for  reproductively  active  fish  and  a 93% 
agreement  for  reproductively  inactive  fish  when  macro- 
scopic and  histological  classifications  were  compared. 

Gulf  menhaden  ovarian  tissue  showed  asynchronous 
oocyte  development  and  evidence  of  batch  spawning. 
Females  in  the  spawning  capable  phase  had  oocytes  in 
all  stages  of  development,  and  there  was  evidence  of 
POFs  in  some  ovaries  in  early  October  (Fig.  2A).  Fe- 
males in  the  actively  spawning  subphase  (Fig.  2B)  had 
oocytes  undergoing  OM  or  hydrated  oocytes,  as  well  as 
vitellogenic  oocytes  in  various  stages  of  development 
(Fig.  2B).  The  immature  phase  was  histologically  dis- 
tinguished from  the  regenerating  phase  by  the  smaller 
size  of  the  primary  growth  oocytes,  lack  of  space  among 
oocytes,  and  the  large  amount  of  interstitial  tissue 
present  in  the  immature  ovary. 

The  testis  of  Gulf  menhaden  is  an  anastomosing 
tubular  type,  characterized  by  highly  branched  germi- 


nal compartments  that  do  not  terminate  at  the  testis 
periphery.  Testicular  tissue  showed  differences  in  the 
number  of  spermatocysts  along  the  tubules  as  the  re- 
productive season  progressed.  Active  spermatogenesis 
was  evident  in  males  in  the  early  germinal  epithelium 
(GE)  subphase  of  the  spawning  capable  phase  (Fig. 
2C),  and  spermatogonia,  spermatocytes  and  spermatids 
present  within  cysts  completely  lined  the  tubules;  ad- 
ditionally, tubules  were  filled  with  spermatozoa.  In  the 
late  GE  subphase,  typical  of  the  end  of  the  reproductive 
period,  the  tubules  were  still  swollen  with  spermato- 
zoa, but  little  active  spermatogenesis  was  taking  place, 
and  few  spermatocysts  were  seen  lining  the  tubules 
(Fig.  2D).  The  regenerating  phase  was  histologically 
distinguished  from  the  immature  phase  in  males  by 
the  presence  of  some  residual  spermatozoa  (Sz)  within 
the  tubules.  Testicular  tissue  from  males  collected  in 
September  and  October  showed  microspoordian  infec- 
tion, although  this  was  not  a common  occurrence. 

Spawning  seasonality  The  GSI  values  increased  in  early 
October  for  both  males  and  females,  and  reached  peak 
values  for  females  by  the  second  half  of  October  (Fig.  3). 
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Histological  sections  of  gonadal  tissue  in  the  spawning  capable  phase  from  Gulf  menhaden 
(. Brevoortia  patronus)  collected  from  the  northern  Gulf  of  Mexico  in  2014.  (A)  Female  in  spawn- 
ing capable  phase,  showing  asynchronous  oocyte  development  and  evidence  of  batch  spawning 
(postovulatory  follicle  [POF]  complex);  fish  captured  6 October  2014.  (B)  Female  in  actively 
spawning  sub-phase,  showing  asynchronous  oocyte  development  and  a distinct  batch  of  oo- 
cytes in  the  germinal  vesicle  migration  stage  of  oocyte  maturation  (OM),  just  prior  to  spawn- 
ing; fish  captured  28  October  2014.  (C)  Male  in  early  germinal  epithelium  (GE)  sub-phase  of 
spawning  capable  reproductive  phase,  with  the  tubules  outlined  by  a continuous  GE  undergo- 
ing active  spermatogenesis;  fish  captured  6 October  2014.  (D)  Male  in  late  GE  sub-phase  of 
spawning  capable  reproductive  phase  (note  that  spermatocysts  are  uncommon  along  tubules 
as  spermatogenesis  decreases);  fish  captured  28  October  2014.  Am=anastomosing  tubules; 
St=spermatid;  Sz=spermatozoa;  Vtgl=primary  vitellogenic  oocyte;  Vtg2=secondary  vitellogenic 
oocyte;  Vtg3=tertiary  vitellogenic  oocyte. 


Figure  2 


Female  GSI  remained  elevated  but  gradually  decreased 
from  late  October  through  March,  whereas  male  GSI 
remained  elevated  from  early  October  through  March 
and  there  was  no  gradual  decline  during  the  reproduc- 
tive season  (Fig.  3).  Mean  male  and  female  GSI  values 
suggest  a spawning  season  extending  from  early  Octo- 
ber through  the  end  of  March. 

Histological  analysis  allowed  refinement  of  the  Gulf 
menhaden  spawning  season.  All  females  captured  in 
late  August  were  in  the  regenerating  phase,  and  fe- 
males first  began  to  exhibit  gonadal  recrudescence  in 
mid-September  (Table  1A).  By  early  October,  >50%  of 
females  were  spawning  capable  (Table  1A).  Histological 
evidence  that  Gulf  menhaden  begin  spawning  in  early 
October  includes  the  presence  of  some  females  in  the 
actively  spawning  subphase,  as  well  as  22%  of  spawn- 


ing capable  females  having  POF  (Fig.  2A).  By  late  Octo- 
ber through  late  February,  all  sexually  mature  females 
captured  were  spawning  capable,  with  41%  and  35% 
of  these  actively  spawning  in  October  and  January,  re- 
spectively (Table  1A).  Although  many  females  were  in 
the  regenerating  reproductive  phase  by  March  (Table 
1A),  some  remained  spawning  capable  in  mid-March, 
and  66%  of  those  were  actively  spawning.  Thus,  his- 
tological analysis  showed  that  female  Gulf  menhaden 
were  actively  spawning  from  early  October  through 
mid-March,  a 5.5-month  spawning  season  that  was 
similar  to  that  seen  in  the  GSI  data  (Fig.  3). 

Male  Gulf  menhaden  began  gonadal  recrudescence 
sooner  than  females;  active  spermatogenesis  was  oc- 
curring in  49%  of  males  captured  in  late  August  as 
they  entered  the  early  developing  or  developing  phases 
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(Table  IB).  By  mid-September,  some  males  were  in 
the  spawning  capable  reproductive  phase,  and  72%  of 
males  were  spawning  capable  by  early  October  (Table 
IB).  Spawning  capable  males  dominated  collections 
from  October  through  March.  Males  in  the  regressing 
and  regenerating  phases  were  first  seen  in  early  March, 
and  by  mid-April  all  males  had  ceased  spawning  (Table 
IB).  During  the  early  portion  of  the  spawning  season 
(October  and  November),  most  males  were  found  in  the 
early  GE  (Fig.  2C)  subphase  of  the  spawning-capable 
reproductive  phase,  indicating  active  spermatogenesis 
throughout  the  testis.  Active,  although  somewhat  re- 
duced, spermatogenesis  continued  during  January 
and  February  (mid  GE  subphase).  At  the  end  of  the 
spawning  season  in  March,  all  males  were  in  the  late 
GE  subphase  (Fig.  2D)  and  reduced  spermatogenesis, 
but  abundant  spermatozoa,  were  still  present  in  the 
tubules.  Histological  analysis  showed  that  most  males 
were  spawning  capable  during  the  same  5.5-month  pe- 
riod when  females  were  spawning  capable. 

Age-based  differences  in  gonadal  recrudescence 
were  evident  in  both  females  and  males  at  the  begin- 
ning of  the  reproductive  season.  Although  there  was 
no  significant  difference  in  the  distribution  of  repro- 
ductive phases  between  age-1  and  age-2  females  in 
September  (P= 0.088),  no  age-1  females  were  in  the 
developing  phase  (Fig.  4).  There  was  a significant  dif- 
ference between  age-1  and  age-2  females  in  October 
(P=0.047,  Fig.  4),  with  a much  higher  percentage  of 
age-1  fish  in  the  immature,  early  developing,  and  de- 
veloping phases  compared  with  age-2  females.  There 
was  no  difference  in  distribution  across  all  3 ages,  or 
between  ages-2  and  -3  (P=0.165  and  0.875,  respective- 
ly; Fig.  4)  in  October.  Therefore,  younger  female  Gulf 
menhaden  appeared  to  have  a delayed  beginning  of 
the  reproductive  season. 

Age-1  and  age-2  males  did  not  exhibit  a significant 
difference  (P=0.514)  in  the  distribution  of  reproduc- 
tive phases  (Suppl.  Fig.  1)  (online  only)  in  August  at 
the  beginning  of  gonadal  recrudescence.  However,  in 
September  a significant  difference  (P=0.Q17)  in  phase 
distribution  was  seen  (Suppl.  Fig.  1).  A high  percent- 
age of  age-1  males  were  in  the  immature  and  early 
developing  phases  and  no  spawning  capable  individu- 
als were  observed,  whereas  immature  age-2  males  were 
not  present  in  September,  a high  percentage  of  age-2 
males  were  present  in  the  developing  phase,  and  some 
age-2  males  were  spawning  capable  (Suppl.  Fig.  1). 
Although  there  was  no  significant  difference  in  repro- 
ductive phase  distribution  between  ages-1,  -2,  and  -3 
in  October  (P=0.056),  the  percentage  of  males  in  the 
developing  phase  decreased  with  increasing  age,  and 
all  age-3  fish  captured  were  spawning  capable  (Suppl. 
Fig.  1).  Therefore,  younger  male  Gulf  menhaden  also 
exhibited  a delayed  beginning  of  the  reproductive  sea- 
son when  compared  to  older  males. 

Spawning  frequency  Spawning  frequency  varied  de- 
pending on  the  method  used  (Table  2).  The  OM  method 
provided  a more  consistent  estimation  of  spawning  fre- 
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Mean  bimonthly  gonadosomatic  index  (GSI)  values  of 
male  and  female  Gulf  menhaden  ( Brevoortia  patronus) 
collected  from  the  northern  Gulf  of  Mexico  in  2014 
through  2016.  Error  bars  indicate  standard  errors  of 
the  means. 

quency  than  the  POF  method  (Table  2)  with  the  excep- 
tion of  the  early  October  sample,  when  Gulf  menhaden 
were  just  beginning  to  spawn.  Spawning  frequency 
estimates  from  February  and  March  should  be  viewed 
with  caution  because  of  low  sample  sizes.  Combining 
fish  from  all  months,  spawning  frequency  ranged  from 
every  2.1  to  4.3  days,  depending  on  the  method  used. 
Assuming  a 5.5-month  spawning  season,  these  spawn- 
ing frequency  estimates  suggest  that  an  individual  fe- 
male Gulf  menhaden  has  the  potential  to  spawn  38-79 
times  during  the  reproductive  season.  Smaller,  age-1 
females  likely  have  fewer  potential  spawns  than  older, 
larger  females  during  the  reproductive  season  (35-71 
times)  because  of  the  delay  in  reaching  the  actively 
spawning  subphase  in  early  October  (Fig.  4). 

Fecundity  Samples  were  analyzed  from  16  actively 
spawning  Gulf  menhaden  from  late  October  through 
March.  Fish  ranged  in  size  from  165  to  203  mm  FL 
and  were  primarily  age  2.  Batch  fecundity  ranged  from 
2829  to  59,423  eggs  per  individual,  with  an  overall 
mean  BF  of  15,367  eggs  (standard  error  [SE]  3260; 
median:  11,577).  The  RBF  ranged  from  31.1-328.3 
eggs/g  ovary-free  body  weight  with  an  overall  mean  of 
107.8  eggs/g  ovary-free  body  weight  (SE  17.1;  median: 
101.7).  Batch  fecundity  was  significantly  (F115=5.629, 
P=Q.Q33),  positively  related  to  FL,  although  this  rela- 
tionship explained  only  28.7%  of  the  variation  in  BF 
(Fig.  5).  Batch  fecundity  was  also  significantly  positive- 
ly related  to  weight  (F1 15=5.278,  P=0.038,  coefficient  of 
determination  [r2]=0.274).  Log10  transformation  of  the 
data  resulted  in  the  best  predictive  fit  for  BF  and  FL; 
the  predictive  equation  was: 

log BF  = 4.695(logFL)  - 6.547. 


(6) 
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Table  1 

Bimonthly  percentages  of  (A)  female  and  (B)  male  Gulf  menhaden  ( Brevoortia  patronus),  collected  from 
Mississippi  and  Louisiana  coastal  waters  of  the  northern  Gulf  of  Mexico  during  2014-2016,  in  re- 
productive phases  determined  by  histological  examination.  The  phases  include  immature  (Imm),  early 
developing  subphase  (EDev),  developing  (Dev),  spawning  capable  (SC),  early  germinal  epithelium  (GE) 
subphase  (EGE),  mid  GE  subphase  (MGE),  late  GE  subphase  (LGE),  actively  spawning  subphase  (AS), 
regressing  (Rgs),  and  regenerating  (Rgn). 

(A)  Females 

Date 

n 

Imm 

EDev 

Dev 

SC 

AS 

Rgs 

Rgn 

16-31  Aug 

46 

0 

0 

0 

0 

0 

0 

100 

16-30  Sep 

80 

5 

6 

3 

0 

0 

0 

86 

1-15  Oct 

56 

2 

11 

20 

57 

3 

0 

7 

16-31  Oct 

64 

1 

0 

0 

58 

41 

0 

0 

1-15  Nov 

14 

0 

0 

0 

100 

0 

0 

0 

16-31  Jan 

17 

0 

6 

0 

59 

35 

0 

0 

1-15  Feb 

4 

100 

0 

0 

0 

0 

0 

0 

16-28  Feb 

6 

0 

0 

0 

100 

0 

0 

0 

1-15  Mar 

1 

0 

0 

0 

0 

0 

100 

100 

16-31  Mar 

7 

14 

0 

0 

14 

29 

0 

43 

16-30  Apr 

5 

0 

0 

0 

0 

0 

0 

100 

1-15  May 

15 

7 

0 

0 

0 

0 

0 

93 

1—15  Jun 

23 

4 

0 

0 

0 

0 

0 

96 

(B)  Males 

SC  subphase 

Date 

n 

Imm 

EDev 

Dev 

SC 

EGE  ] 

MGE 

LGE 

Rgs 

Rgn 

16-31  Aug 

50 

4 

41 

8 

0 

0 

0 

0 

0 

47 

16-30  Sep 

54 

6 

37 

36 

4 

0 

0 

0 

0 

17 

1-15  Oct 

50 

0 

0 

28 

72 

83 

17 

0 

0 

0 

16-31  Oct 

56 

0 

0 

0 

100 

59 

37 

4 

0 

0 

1-15  Nov 

14 

0 

0 

0 

100 

60 

30 

10 

0 

0 

16-31  Jan 

16 

0 

6 

0 

94 

31 

69 

0 

0 

0 

1-15  Feb 

3 

0 

0 

0 

100 

0 

100 

0 

0 

0 

16-28  Feb 

2 

0 

0 

0 

100 

0 

0 

0 

0 

0 

1-15  Mar 

4 

0 

25 

0 

25 

0 

0 

100 

25 

25 

16-31  Mar 

4 

0 

0 

0 

75 

0 

0 

100 

25 

0 

16-30  Apr 

12 

0 

0 

0 

0 

0 

0 

0 

33 

67 

1-15  May 

16 

6 

6 

0 

0 

0 

0 

0 

6 

82 

1-15  Jun 

13 

0 

8 

0 

0 

0 

0 

0 

15 

77 

Batch  fecundity  was  not  significantly  related  to  age 
(P=0.698)  nor  K (P= 0.768).  Additionally,  RBF  was 
not  significantly  related  to  length  (P=0.282),  weight 
(P=0.615),  or  K (P= 0.546),  suggesting  the  RBF  calcula- 
tion removes  the  effects  of  fish  size  and  can  therefore 
be  used  to  accurately  compare  fecundity  of  different- 
size  fishes.  Thus,  based  on  RBF  and  spawning  frequen- 
cy, an  average  size  female  of  150  g may  produce  as 
many  as  614,460-1,277,430  eggs  during  the  5.5-month 
reproductive  season. 

The  oocyte  dynamics  of  Gulf  menhaden  offer  an  un- 
clear picture  as  to  whether  this  species  has  determi- 
nate or  indeterminate  fecundity.  Oocyte  size-frequency 
distributions  of  secondary  growth  oocytes  in  Gulf  men- 
haden from  October  and  March  show  a dramatic  re- 


duction in  the  number  of  small  vitellogenic  oocytes  in 
March  than  in  October  (Fig.  6),  suggesting  that  new 
oocytes  are  not  recruited  into  vitellogenesis  at  the  end 
of  the  spawning  season — a pattern  typical  of  determi- 
nate fecundity  but  also  seen  in  some  species  with  inde- 
terminate fecundity.  The  gap  in  oocyte  distribution  be- 
tween primary  and  secondary  growth  oocytes  typically 
seen  in  species  with  determinate  fecundity  is  not  seen 
in  Gulf  menhaden,  although  that  is  not  unexpected  in 
this  instance  because  only  secondary  growth  oocytes 
were  counted.  Histological  observations  of  females  from 
February  and  March  showed  a lower  percentage  of  pri- 
mary and  secondary  vitellogenic  oocytes  in  the  ovary 
than  from  October  and  November,  suggestive  of  deter- 
minate fecundity.  However,  the  percentage  of  atresia  in 


292 


Fishery  Bulletin  115(3) 


Table  2 

Estimates  of  spawning  frequency  of  spawning  capable  Gulf  menha- 
den ( Brevoortia  patronus)  collected  from  Mississippi  and  Louisiana 
coastal  waters  during  2014  through  2016.  Estimates  were  derived 
by  using  2 different  calculation  methods:  postovulatory  follicle 
(POF)  and  oocyte  maturation  (OM),  including  hydrated  oocytes. 


Month 

n 

POF  method 

OM  method 

Early  October 

32 

22%,  4.5  days 

6.25%,  16  days 

Late  October 

63 

6.3%,  15.9  days 

41.3%,  2.4  days 

All  October 

95 

4.6%,  8.6  days 

29.5%,  3.4  days 

Early  November 

14 

21%,  4.76  days 

0.0% 

Late  January 

16 

43.8%,  2.3  days 

37.5%,  2.6  days 

Late  February 

6 

83%,  1.2  days 

0.0% 

Late  March 

3 

0 

66.6%,  1.5  days 

All  combined 

134 

23.1%,  4.3  days 

47.8%,  2.1  days 

females  in  the  regressing  reproductive  phase 
ranged  from  2.3  to  13.9%;  atresia  percent- 
ages >10%  are  suggestive  of  indeterminate 
fecundity.  Similarly,  calculations  of  total  an- 
nual fecundity  present  conflicting  evidence  of 
determinate  or  indeterminate  fecundity.  To- 
tal fecundity  of  a 181-g  female  was  473,370 
eggs,  based  on  total  oocytes  at  the  beginning 
of  the  season  but  1,658,316  eggs  based  on 
BF  and  spawning  frequency  (suggestive  of 
indeterminate  fecundity),  whereas  total  fe- 
cundity of  a 132-g  female  was  204,347  eggs 
based  on  total  oocytes  at  the  beginning  of 
the  season  and  174,958  eggs  based  on  BF 
and  spawning  frequency  (suggestive  of  de- 
terminate fecundity).  Finally,  although  a 
steady  decrease  in  GSI  values  as  the  season 
progresses  (Fig.  3)  is  typical  of  species  with 
determinate  fecundity,  this  decrease  can  also 
occur  in  species  with  indeterminate  fecundi- 
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Figure  4 

Distribution  of  female  reproductive  phases  for  Gulf  menhaden  ( Brevoortia  patronus ) collected  from  the  northern  Gulf  of 
Mexico  during  2014  through  2016,  by  age  at  the  beginning  of  the  reproductive  season:  (A)  age-1  and  (B)  age-2  females  in 
September  and  (C)  age-1,  (D)  age-2,  and  (E)  age-3  females  in  October.  The  probabilities  (P)  from  the  results  of  a Kruskall- 
Wallace  2-sample  test  of  similarity  of  distributions  within  a month  are  provided.  The  reproductive  phases  are  immature 
(Imm),  early  developing  (EDev),  developing  (Dev),  spawning  capable  (SC),  actively  spawning  (AS),  regressing  (Rgs),  and 
regenerating  (Rgn). 
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Figure  5 

Batch  fecundity  of  Gulf  menhaden  ( Brevoortia  patronus)  col- 
lected from  the  northern  Gulf  of  Mexico  during  2014  through 
2016  (ra=16).  Log10  transformation  resulted  in  a significant  re- 
lationship between  fork  length  (FL)  and  batch  fecundity  (BF). 
r2=coefficient  of  determination. 


ty  and  an  extended  spawning  season.  These  conflicting 
lines  of  evidence  lead  us  to  conclude  that  Gulf  menha- 
den likely  have  indeterminate  fecundity,  but  also  show 
some  characteristics  of  determinate  fecundity. 

Modeling  stock  assessments 

The  incorporation  of  “high”  estimates  of  annual  fecun- 
dity (based  on  age-1  with  71  spawnings/year  and  age- 
2+  with  79  spawnings/year),  “low”  estimates  of  annual 
fecundity  (based  on  age-1  with  35  spawnings/year  and 
age-2+  with  38  spawns/year),  and  alternative  maturity 
schedules  affected  stock-level  estimates.  Altering  the 
fecundity  estimate  in  the  high  and  low  scenarios  in- 
creased estimated  annual  egg  production  100-  to  1000- 
fold  for  each  year  of  the  assessment  model  (Fig.  7A). 
Altering  the  maturity  schedule  to  include  age-1  repro- 
duction (68%  of  age-1  individuals  capable  of  spawning) 
resulted  in  an  approximately  10-fold  increase  in  stock- 
level  egg  production  for  each  fecundity  scenario  (Fig. 
7A)  but  reduced  the  proportion  of  maximum  spawning 
per  recruit  in  each  of  the  scenarios  (Fig.  7B).  The  per- 
cent change  in  estimated  numbers-at-age  between  the 
scenarios  that  included  age-1  reproduction  and  base 
model  estimates  indicated  that  there  was  a greater 
number  of  individuals  in  each  age  class  for  all  years 
examined,  particularly  in  the  age-3  and  age-4+  groups 
(Suppl.  Fig.  2A)  (online  only).  In  2012,  the  estimated  per- 
cent decrease  in  number  at  age  was  small  for  the  age 
classes  1 and  2 (<1%)  but  was  reduced  9.3%,  4.2%  and 
9.8%  for  ages-0,  3 and  4,  respectively.  The  estimated 
increase  in  annual  F was  small  and  generally  consis- 
tent across  age  classes  for  each  year,  with  an  observed 


increase  in  F in  age  classes  0,  2,  3,  and  4 of 
-1.5%  and  an  increase  in  the  estimated  F rate 
for  age-1  of  <0.5%  (Suppl.  Fig.  2B).  Estimated 
selectivity  of  age-1  fish  in  the  commercial  re- 
duction fishery  for  the  updated  fecundity  esti- 
mates was  marginally  greater  than  that  esti- 
mated in  the  base  model  formulation  (0.050  vs. 
0.051).  Estimated  log-transformed  catchability 
of  the  2 fishery-independent  gears  (gill  and 
seine  nets)  used  to  sample  the  stock  exhibited 
minor  differences  in  the  base  model  formula- 
tion (1.251  and  1.177  for  the  high  and  low  es- 
timates, respectively).  Catchability  of  the  seine 
gear  was  reduced  from  0.127  to  0.125. 

Comparisons  of  historical  data 

Annual  sample  sizes  from  the  Gulf  menhaden 
fishery  during  1964  through  2014  ranged  from 
4611  in  2010  to  16,823  fish  in  1994  (Suppl.  Ta- 
ble) (online  only).  Low  sample  size  in  2010  was 
the  result  of  closures  of  fishing  areas  due  to  the 
Deepwater  Horizon  oil  spill.  Mean  estimated 
slope  and  intercept  for  the  length-weight  rela- 
tionships varied  over  time  (Suppl.  Fig.  3)  (on- 
line only).  The  highest  slope  was  3.98  in  1991 
and  the  lowest  slope  was  2.52  in  1986.  Slope 
translates  into  how  heavy  a fish  is  compared  with  its 
length.  Slopes  of  3.0  indicate  a proportional  fish;  slopes 
<3.0  indicate  a skinnier  fish  and  slopes  >3.0  indicate 
a heavier  fish.  Intercept  values  varied  between  -15.92 
in  1991  to  -8.39  in  1986.  Variability  in  the  slope  and 
intercept  values  was  generally  random,  but  there  were  2 
time  periods  (late  1980s  and  late  2000s)  that  had  about 
5 years  of  lower  than  average  slope,  therefore  indicating 
Gulf  menhaden  were  less  robust  during  those  times. 

We  found  significant  differences  in  reproduction- 
related  measures  in  both  males  and  females  between 
1964-1970  and  2014.  Reproductively  active  females 
in  October  2014  were  significantly  larger  (£146=2.22, 
P=0.03),  had  a higher  K (f146= 2.708,  P=0.008),  and  a 
greater  GSI  G146=4.143,  P<0.001)  than  those  from  1964 
through  1970  (Table  3).  However,  no  significant  differ- 
ence existed  between  years  in  September  for  any  of 
these  measures.  Reproductively  active  males  in  Octo- 
ber 2014  showed  significantly  greater  FL  (£108=2.387, 
P=0.019)  and  GSI  (*108=2.319,  P= 0.047)  than  those 
from  1964  through  1970  (Table  3);  whereas  no  signifi- 
cant difference  in  male  condition  was  found  in  Octo- 
ber, fish  from  2014  had  higher  K than  those  from  1964 
through  1970. 


Discussion 

Gulf  menhaden  continues  to  be  one  of  the  most  eco- 
logically and  economically  important  stocks  in  the 
northern  GOM  and  plays  an  important  role  in  the  tro- 
phic structure  of  the  region  (Sagarese  et  al.,  2016).  We 
provide  new  reproductive  information  and  document 
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Figure  6 

Distributions  of  oocyte  sizes  of  female  Gulf  menhaden 
( Brevoortia  patronus)  collected  from  the  northern  Gulf 
of  Mexico  during  2014  through  2016,  showing  an  inde- 
terminate fecundity  pattern  with  lack  of  recruitment  of 
secondary  vitellogenic  oocytes  at  the  end  of  the  spawn- 
ing season.  (A)  Fish  captured  31  October  2014,  186  mm 
FL.  Arrow  indicates  oocytes  undergoing  oocyte  matura- 
tion; only  oocytes  >500  pm  were  counted  for  fecundity 
estimates.  (B)  Fish  captured  18  March  2015,  165  mm 
FL.  Note  lack  of  vitellogenic  oocytes  from  80  to  350  pm 
in  the  March  sample. 


how  these  new  data  address  critical  needs  for  stock 
assessments  and  for  understanding  the  ecological  dy- 
namics of  the  stock.  The  results  of  our  work  indicate 
that  Gulf  menhaden  have  greater  fecundity  than  that 
previously  reported,  and  the  characteristics  of  the  re- 
productive dynamics  are  different  than  previously 
thought.  Specifically,  we  found  that  egg  production  is 
greater  and  that  the  reproductive  season  is  protracted, 
lasting  5.5-months.  We  also  found  that  Gulf  menhaden 
are  batch  spawners  that  spawn  every  2. 1-4.3  days  and 
that  although  they  show  indeterminate  fecundity,  they 
have  several  traits  typically  associated  with  determi- 
nate fecundity. 

The  5.5-month  reproductive  season  (October-March) 


for  Gulf  menhaden  from  the  north-central  GOM  de- 
scribed here  is  slightly  longer  than  that  previously 
reported.  Combs  (1969)  found  the  spawning  season  oc- 
curred from  late  October  to  February  or  early  March 
according  to  histological  analysis,  whereas  Lewis  and 
Roithmayr  (1981)  found  peak  spawning,  determined 
from  GSI,  to  occur  from  November  through  January, 
and  that  a few  spawning  capable  females  were  present 
in  February  and  none  after  that  time.  Not  only  is  the 
Gulf  menhaden  spawning  season  longer  than  previous- 
ly reported,  our  data  indicate  that  a high  percentage  of 
fish  are  spawning  in  October,  and  these  fish  are  vulner- 
able to  capture  by  the  commercial  purse-seine  fishery 
that  operates  through  the  end  of  October. 

Smaller  and  younger  Gulf  menhaden  have  a shorter 
reproductive  season  than  older,  larger  fish.  Although 
data  were  not  previously  available  for  size-at-sexual- 
maturity  for  Gulf  menhaden,  sexual  maturity  was  as- 
sumed to  have  been  reached  when  fish  approach  their 
second  birth  date  (VanderKooy  and  Smith1).  Indeed,  we 
found  that  50%  maturity  is  reached  at  137-140  mm  FL, 
and  fish  of  this  size  are  found  in  the  fall  as  they  ap- 
proach their  second  birth  date.  However,  smaller  age-1 
fish  in  the  fall  have  lower  GSI  values  and  delayed  go- 
nadal development  than  those  of  larger  fish.  Further- 
more, our  analysis  of  historic  Gulf  menhaden  data  sug- 
gests that  the  reproductive  season  may  have  shifted  to 
a slightly  earlier  start  in  2014  than  during  1964-1970, 
possibly  as  a result  of  2014  fish  being  slightly  larger 
and  in  better  condition.  It  is  well  established  that  old- 
er, larger  females  begin  spawning  earlier  in  the  repro- 
ductive season  and  that  smaller  individuals  may  have 
a longer  time  between  spawning  events  than  larger  in- 
dividuals of  the  same  species  (Lowerre-Barbieri  et  al., 
2011;  Fitzhugh  et  al.,  2012).  These  variations  among 
different-size  fish  must  be  taken  into  account  when 
calculating  annual  fecundity  estimates  and  estimating 
spawning  stock  biomass.  Our  analysis  has  taken  this 
variation  into  account  by  including  a 1-month  delay  in 
the  spawning  season  for  age-1  fish,  although  we  have 
insufficient  data  to  estimate  differences  in  spawning 
frequency  between  females  age-1  and  older. 

This  study  is  the  first  to  examine  GSI  and  histol- 
ogy of  male  Gulf  menhaden.  Males  began  gonadal  re- 
crudescence about  1 month  before  females  do  but,  like 
females,  were  reproductively  inactive  by  mid-April. 
Male  Gulf  menhaden  exhibit  an  anastomosing  tubular 
type  of  testes  typical  of  other  clupeids  (Grier  and  Uribe 
Aranzabal,  2009).  Male  and  female  GSI  values  were 
similar  in  Gulf  menhaden,  particularly  at  the  begin- 
ning of  the  spawning  season,  as  also  seen  in  another 
clupeid,  the  Pacific  sardine  ( Sardinops  sagax  [Stewart 
et  al.7]).  In  contrast,  some  male  sardines  have  higher 
GSI  values  than  females  (Tsikliras  and  Antonopoulou, 
2006;  Tsikliras  et  al.,  2010),  although  male  marine  te- 


7 Stewart,  J.,  G.  Ballinger,  and  D.  Ferrell.  2010.  Review  of 
the  biology  and  fishery  for  Australian  sardines  ( Sardinops 
sagax)  in  New  South  Wales — 2010.  Industry  & Investment 
NSW,  Fish.  Res.  Rep.  Ser.  26,  57  p.  [Available  from  website.] 
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Figure  7 

Estimates  of  (A)  annual  egg  production  of  the  stock  and  (B)  the 
maximum  proportion  of  spawners-per-recruit  of  Gulf  menhaden 
( Brevoortia  patronus)  based  on  collections  from  the  northern  Gulf 
of  Mexico  during  2014  through  2016.  For  each  panel,  fecundity  from 
Lewis  and  Roithmayr  (1981,  lines  1 and  2)  and  the  low  (lines  3 and 
4)  and  high  (lines  5 and  6)  estimates  of  fecundity  derived  in  this 
study  are  displayed  with  2 different  age-specific  maturity  patterns 
(dashed  and  solid  lines).  Lines  1,  3,  and  5 display  the  expected  tem- 
poral patterns  when  the  age  at  first  maturity  is  2 years.  Lines  2, 
4,  and  6 display  the  expected  temporal  pattern  in  maximum  pro- 
portion of  spawners-per-recruit  when  maturity  is  modeled  with 
the  logistic  relationship  described  in  this  work  (proportion  of  age-1 
spawners  is  0.68). 


leosts  typically  have  notably  lower  GSI  values  than 
females  (Wootton,  1998).  The  high  male  GSI  values  of 
Gulf  menhaden  and  other  clupeids  may  be  related  to 
increased  sperm  competition  in  the  pelagic  environ- 
ment (Stockley  et  al.,  1997),  which  is  common  with  spe- 
cies that  spawn  in  groups  (Erisman  and  Allen,  2006) 
such  as  Gulf  menhaden. 

Lack  of  concordance  between  macroscopic  and  histo- 
logical assessment  of  reproductive  phase  in  Gulf  men- 
haden was  unexpected.  Although  histological  assess- 
ment remains  the  best  method  to  accurately  identify 
specific  reproductive  phases  (West,  1990;  Brown-Peter- 
son et  al.,  2011),  we  found  that  broadly  assessing  fish 
as  reproductively  active  or  inactive  by  macroscopic  in- 
spection is  sufficiently  accurate,  as  did  Klibansky  and 
Scharf  (2015).  Thus,  macroscopic  assessments  could 
allow  biologists,  managers,  and  industry  personnel  to 


determine  reproductive  seasonality  of  Gulf 
menhaden. 

The  fecundity  pattern  of  Gulf  menhaden 
has  not  previously  been  reported,  although 
Combs  (1969)  documented  asynchronous 
oocyte  development  and  suggested  Gulf 
menhaden  are  batch  spawners.  Fish  with 
determinate  fecundity  recruit  all  oocytes 
to  be  spawned  during  the  year  into  vitello- 
genesis at  the  beginning  of  the  reproductive 
season  before  the  first  spawing  and  can  be 
either  batch  or  total  spawners,  whereas  fish 
with  indeterminate  fecundity  continually 
recruit  oocytes  into  vitellogenesis  through- 
out the  reproductive  season  and  are  batch 
spawners  (Murua  and  Saborido-Rey,  2003). 
Marine  clupeids  exhibit  both  types  of  fecun- 
dity patterns;  cold  water  species,  such  as 
Atlantic  and  Pacific  herring  ( Clupea  haren- 
gus  and  C.  pallasii),  show  determinate  fe- 
cundity and  total  spawning,  whereas  many 
temperate  and  subtropical  batch  spawning 
clupeids  (such  as  species  of  Sardinella  and 
Sardinops ) tend  to  have  indeterminate  fe- 
cundity (Ganias,  2013).  However,  American 
shad  ( Alosa  sapidissima ) have  recently  been 
shown  to  have  determinate  fecundity  in 
northern  populations  and  indeterminate  fe- 
cundity in  southern  populations  (McBride  et 
al.,  2016),  as  predicted  for  species  with  wide 
geographic  ranges  by  Ganias  et  al.  (2015). 
The  subtropical/tropical  clupeid  Spanish 
sardine  ( Sardinella  aurita)  has  been  shown 
to  have  determinate  fecundity  but  is  likely 
to  be  a batch  spawner  (Tsikliras  and  Anto- 
nopoulou,  2006)  while  the  Brazilian  menha- 
den ( Brevoortia  aurea ) is  a batch  spawner 
reported  to  have  indeterminate  fecundity 
(Macchi  and  Acha,  2000;  Lajud  et  al.,  2016). 
Our  data  indicate  that  Gulf  menhaden  are 
likely  to  have  indeterminate  fecundity,  but 
have  some  traits  more  typical  of  fish  with 
determinate  fecundity,  such  as  high  GSI  val- 
ues at  the  beginning  of  the  spawning  season,  a reduc- 
tion in  secondary  growth  oocytes  as  the  spawning  sea- 
son progresses,  and  the  lack  of  massive  atresia  at  the 
end  of  the  spawning  period  in  at  least  some  individu- 
als. Indeed,  Ganias  et  al.  (2017)  showed  that  some  spe- 
cies with  indeterminate  fecundity  can  cease  recruiting 
new  oocytes  during  the  spawning  season;  this  is  likely 
the  case  for  Gulf  menhaden.  The  variations  in  fecun- 
dity patterns  among  clupeids  show  the  importance  of 
assessing  determinate  or  indeterminate  fecundity  for 
each  species  and  of  not  relying  solely  on  geographic 
location  or  spawning  strategy.  Understanding  fecundity 
patterns,  as  well  as  spawning  dynamics,  is  also  impor- 
tant for  estimating  total  annual  fecundity. 

Our  mean  BF  estimates  of  15,367  eggs  (SE  3260) 
are  much  lower  than  the  previous  fecundity  estimates 
for  age-2  Gulf  menhaden  of  47,900  eggs  (SE  5038) 
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Table  3 

Comparisons  of  historic  and  current  mean  fork  length  (FL),  in  millimeters,  mean  condition  (K),  and 
mean  gonadosomatic  index  (GSI)  with  standard  errors  (SEs)  in  parentheses,  of  reproductively  active 
male  and  female  Gulf  menhaden  ( Brevoortia  patronus)  collected  from  the  northern  Gulf  of  Mexico 
at  the  beginning  of  the  reproductive  season.  Historic  data  are  for  1964  through  1970;  current  data 
are  from  2014.  Reproductively  active  fish  are  defined  as  GSI>1.0  for  females  and  >0.5  for  males. 
Significant  differences  are  in  bold. 


Month 

Date 

n 

FL  (SE) 

f-value 

P 

Fork  length 

Female 

September 

Current 

2 

202.0  (9.0) 

-1.93 

0.086 

Historic 

9 

217.3  (3.3) 

October 

Current 

105 

192.0  (1.17) 

2.22 

0.03 

Historic 

43 

184.9  (3.0) 

Male 

October 

Current 

103 

185.9(1.1) 

2.38 

0.019 

Historic 

7 

175.7  (4.8) 

Condition 

Female 

September 

Current 

2 

2.098  (0.086) 

0.197 

0.848 

Historic 

9 

2.069  (0.064) 

October 

Current 

105 

2.094  (0.027) 

2.708 

0.008 

Historic 

43 

2.073  (0.022) 

Male 

October 

Current 

103 

2.156  (0.013) 

1.620 

0.108 

Historic 

7 

2.070  (0.054) 

Gonadosomatic  index 

Female 

September 

Current 

2 

1.63  (0.59) 

-0.348 

0.726 

Historic 

9 

2.02  (0.50) 

October 

Current 

105 

5.44  (0.32) 

4.143 

<0.001 

Historic 

43 

3.75  (0.25) 

Male 

October 

Current 

103 

5.12  (0.28) 

2.319 

0.047 

Historic 

7 

3.53  (0.63) 

(Lewis  and  Roithmayr,  1981),  and  the  low  r2  value  for 
the  fecundity-size  relationship  is  typical  among  batch 
spawning  fish  species.  We  counted  only  oocytes  >500 
pm  for  fecundity  estimates — sizes  that  correspond  to 
oocytes  about  to  be  spawned  (i.e.,  hydrated  oocytes  or 
oocytes  undergoing  OM),  whereas  Lewis  and  Roith- 
mayr (1981)  counted  all  oocytes  >360  pm,  which  in- 
cluded vitellogenic  oocytes  that  would  not  be  released 
in  a batch.  Although  there  are  no  previous  estimates 
of  RBF  for  Gulf  menhaden  for  comparison  purposes, 
Lajud  et  al.  (2016)  reported  RBF  ranged  from  50-381 
eggs/g  ovary-free  body  weight  in  the  Brazilian  menha- 
den, within  the  RBF  range  of  60-212  eggs/g  ovary-free 
body  weight  previously  reported  by  Macchi  and  Acha 
(2000)  for  the  same  species;  both  values  are  similar  to 
our  estimates  of  31-328  eggs/g  ovary-free  body  weight 
for  Gulf  menhaden. 

Despite  the  lower  estimate  of  BF  presented  here,  the 
total  annual  estimated  fecundity  is  11-23  times  great- 
er than  the  values  provided  by  Lewis  and  Roithmayr 
(1981)  for  fish  of  all  sizes  (Fig.  8)  as  a result  of  combin- 
ing BF  estimates  with  spawning  frequency  estimates. 
The  methods  we  used  to  determine  spawning  frequency 
could  result  in  either  underestimation  of  spawning  fre- 
quency (due  to  degradation  or  destruction  of  POF  due 


to  sample  treatment)  or  an  overestimation  (due  to  con- 
gregation of  females  undergoing  OM  in  the  sampled 
area),  and  for  this  reason  we  provide  a high  and  low 
range  which  results  in  a more  accurate  estimation  of  to- 
tal annual  fecundity  than  that  of  previous  reports.  Our 
spawning  frequency  estimates  are  higher  than  those  of 
the  only  other  report  of  spawning  frequency  for  a spe- 
cies of  menhaden  (Brazilian  menhaden,  every  8 days 
[Macchi  and  Acha,  2000]).  Gulf  menhaden  appear  to 
spawn  more  frequently  than  European  pilchard  ( Sar - 
dina  pilchardus,  every  11-12  days)  and  Pacific  sardine 
(every  10  days) — batch  spawning  clupeids  with  indeter- 
minate fecundity  and  group  synchronous  oocyte  devel- 
opment (Ganias  et  al.,  2004;  Lo  et  al.,  2010).  However, 
Brazilian  sardinella  ( Sardinella  brasiliensis)  spawn  as 
frequently  as  every  2 days  during  the  peak  spawning 
season  (Isaac-Nahum  et  al.,  1988) — a frequency  that  is 
similar  to  ours  for  Gulf  menhaden. 

Estimates  produced  from  the  re-analysis  of  the  stock 
assessment  indicate  that  some  model  output,  includ- 
ing the  number-at-age,  age-specific  fishing  mortality, 
and  spawners-per-recruit  are  sensitive  to  alterations 
in  age-specific  annual  fecundity.  A primary  use  for 
determining  length-  and  age-specific  fecundity  is  for 
inclusion  in  assessment  models  for  determination  of 
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Figure  B 

Fork  length  in  relation  to  specific  annual  fecundity  of  Gulf  menha- 
den ( Brevoortia  patronus)  collected  from  the  northern  Gulf  of  Mex- 
ico during  2014  through  2016.  Thick  lines  are  fitted  to  gray  (high 
estimate,  spawning  frequency  of  2.1  days)  and  black  (low  estimate, 
spawning  frequency  4.3  days)  points.  The  thin  line  is  the  length- 
specific  fecundity  estimate  from  Lewis  and  Roithmayr  (1981). 

stock  status.  Our  results  indicate  that  even  in  the  face 
of  the  intense  fishing  pressure  during  the  early  and 
mid-1980s,  the  proportion  of  spawners-per-recruit  has 
remained  near  30%  or  less  for  the  duration  of  the  as- 
sessment history.  Selectivity  and  catchability  parame- 
ters changed  only  a small  amount.  The  small  reduction 
in  the  estimated  catchability  parameters  for  each  gear 
followed  the  estimated  increases  for  numbers-at-age 
observed  throughout  the  time  series. 

Overall,  the  condition  of  the  Gulf  menhaden  stock 
has  remained  relatively  constant  over  the  past  50 
years  despite  heavy  fishing  pressure  because  the  95% 
Bayesian  credible  intervals  of  the  historical  length- 
weight  relationships  generally  encompass  the  constant 
slope  and  intercept  values  from  Schueller  et  al.  (2012). 
Although  growth  has  been  variable  over  time,  the  data 
indicate  that  there  has  not  been  a directional  change 
in  growth  with  harvest  pressure  over  time.  The  stock 
seems  to  be  resilient  to  changes  in  harvest  pressures — 
a feature  that  adds  to  its  sustainability  (Schueller3). 

We  note  that  the  effects  on  the  ecosystem  of  the 
estimated  increase  in  fecundity  could  be  profound,  al- 
though it  was  not  evaluated  in  this  work.  Forage  fish 
biomass  is  often  considered  to  be  critical  in  ecosystem 
structure  and  function  and  have  beneficial  effects  on 
higher  trophic  levels  (Cury  et  al.,  2011).  Research  by 
Fuiman  et  al.  (2015)  has  highlighted  the  potential  im- 
portance of  “egg  boons”  in  marine  systems;  eggs  rich  in 
lipids  and  containing  essential  free  fatty  acids  that  are 
not  able  to  be  synthesized  by  fish  but  are  consumed  by 
predators  likely  play  an  important  role  in  food  webs. 


Thus,  the  new  data  provided  here  suggests 
that  the  dramatically  greater  estimated 
reproductive  output  of  Gulf  menhaden  not 
only  has  potentially  positive  impacts  at  the 
ecosystem  level,  but  also  helps  explain  a 
continued  robust  Gulf  menhaden  stock  de- 
spite high  fishing  pressure. 
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Abstract — The  commercially  valu- 
able Atlantic  surfclam  ( Spisula  so- 
lidissima)  is  harvested  along  the 
northeastern  continental  shelf  of  the 
United  States.  Its  range  has  con- 
tracted and  shifted  north,  driven  by 
warmer  bottom  water  temperatures. 
Declining  landings  per  unit  of  effort 
(LPUE)  in  the  Mid-Atlantic  Bight 
(MAB)  is  one  result.  Declining  stock 
abundance  and  LPUE  suggest  that 
overfishing  may  be  occurring  off 
New  Jersey.  A management  strategy 
evaluation  (MSE)  for  the  Atlantic 
surfclam  is  implemented  to  evalu- 
ate rotating  closures  to  enhance  At- 
lantic surfclam  productivity  and  in- 
crease fishery  viability  in  the  MAB. 
Active  agents  of  the  MSE  model 
are  individual  fishing  vessels  with 
performance  and  quota  constraints 
influenced  by  captains’  behavior 
over  a spatially  varying  population. 
Management  alternatives  include 
2 rules  regarding  closure  locations 
and  3 rules  regarding  closure  du- 
rations. Simulations  showed  that 
stock  biomass  increased,  up  to  17%, 
under  most  alternative  strategies  in 
relation  to  estimated  stock  biomass 
under  present-day  management,  and 
LPUE  increased  under  most  alterna- 
tive strategies,  by  up  to  21%.  When 
incidental  mortality  caused  by  the 
fishery  increased,  the  benefits  seen 
under  the  alternative  management 
were  enhanced.  These  outcomes  sug- 
gest that  area  management  involv- 
ing rotating  closures  could  be  valu- 
able in  insulating  the  stock  and  the 
commercial  fishery  from  further  de- 
clines as  a northerly  shift  in  range 
proceeds. 


Manuscript  submitted  28  June  2016. 
Manuscript  accepted  27  March  2017. 
Fish.  Bull.  115:300-325  (2017). 

Online  publication  date:  4 May  2017. 
doi:  10.7755/FB.115.3.3 

The  views  and  opinions  expressed  or 
implied  in  this  article  are  those  of  the 
author  (or  authors)  and  do  not  necessarily 
reflect  the  position  of  the  National 
Marine  Fisheries  Service,  NOAA. 


Kelsey  M.  Kuykendall  (contact  author)1 

Eric  N.  Powell1 

John  M.  Klinck2 

Paula  T.  Moreno1 

Robert  T.  Leaf1 


The  Atlantic  surfclam  ( Spisula  solid- 
issima ) is  an  economically  valuable 
bivalve  common  to  the  sandy  bot- 
toms off  the  northeastern  coast  of  the 
United  States  and  Canada  (Weinberg, 
2005).  The  range  of  the  Atlantic  surf- 
clam before  recent  effects  of  global 
warming  spanned  the  western  North 
Atlantic  Ocean  continental  shelf  from 
Nova  Scotia  to  northern  South  Caro- 
lina, at  depths  of  10  m to  50  m,  and 
temperature  determines  the  range 
boundaries  (Goldberg  and  Walker, 
1990;  Weinberg,  1998;  Jacobson  and 
Weinberg1;  NEFSC2).  They  are  gener- 


1  Jacobson,  L.,  and  J.  Weinberg.  2006.  At- 
lantic surfclam  ( Spisula  solidissima).  In 
Status  of  fishery  resources  of  the  North- 
eastern US  (R.  Mayo,  F.  Serchuk,  and  E. 
Holmes,  eds.),  1-8  p.  Northeast  Fish. 
Sci.  Cent.,  Woods  Hole,  MA.  [Available 
from  website.] 

2 NEFSC  (Northeast  Fisheries  Science  Center). 
2013.  56th  Northeast  Regional  Stock 

Assessment  Workshop  (56th  SAW)  as- 
sessment summary  report.  U.S.  Dep. 
Commer,  Northeast  Fish.  Sci.  Cent.  Ref. 
Doc.  13-04,  42  p.  [Available  from  web- 
site.] 


ally  not  found  where  average  bottom 
temperatures  exceed  25°C  (Cargnelli 
et  al.,  1999).  Atlantic  surfclams  are 
relatively  sessile  planktivorous  filter 
feeders  that  rarely  vacate  their  bur- 
row unless  resuspended  by  storms  or 
they  are  escaping  predators  (Ropes 
and  Merrill,  1973;  Prior  et  al.,  1979), 
after  which  they  rapidly  reburrow 
into  the  substrate  (Weinberg,  2005). 
The  life  span  of  Atlantic  surfclam  is 
approximately  30  years  and  has  a 
maximum-recorded  shell  length  (SL) 
of  226  mm  (Fay  et  al.3;  Cargnelli  et 
al.,  1999;  Munroe  et  al.,  2016). 

The  range  of  Atlantic  surfclam 
has  been  shifting  north  and  offshore 
since  approximately  1970,  driven 
primarily  by  warming  bottom  water 
temperatures  (Cargnelli  et  al.,  1999; 


3  Fay,  C.  W.,  R.  J.  Neves,  and  G.  B.  Par- 
due.  1983.  Species  profiles:  life  his- 
tories and  environmental  requirements 
of  coastal  fishes  and  invertebrates  (mid- 
Atlantic)  surf  clam.  U.S.  Fish.  Wildl. 
Serv.,  FWS/OBS-82/11.13,  U.S.  Army 
Corps  Eng.,  TR  EL-82-4,  23  p. 
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Weinberg,  2005;  Munroe  et  al.,  2013;  Hofmann  et  a!., 
in  press).  Early  evidence  of  this  trend  is  the  disappear- 
ance of  Atlantic  surfclams  in  Virginia  and  Maryland 
state  waters  between  the  1970s  and  the  1990s  (Loesch 
and  Ropes,  1977;  Powell4;  Hofmann  et  al.,  in  press)  and 
the  shift  of  the  southern  fishery  from  the  Delmarva 
Peninsula  to  ports  north  (Powell  et  al.,  2015).  From  the 
1997  to  1999  period,  the  Atlantic  surfclam  population 
was  considered  to  be  near  carrying  capacity  (NEFSC2). 
Abundances  were  once  high  on  the  continental  shelf  off 
the  Delmarva  Peninsula,  but  declines  in  growth,  maxi- 
mum size,  and  tissue  weight  (Weinberg,  1998,  1999) 
were  accompanied  by  increased  mortality  in  this  region 
(Weinberg,  2005;  Weinberg  et  al.5).  Separate  fisheries- 
independent  surveys  conducted  in  2002  by  the  North- 
east Fisheries  Science  Center  of  the  National  Marine 
Fisheries  Service  (NMFS)  and  the  New  Jersey  Depart- 
ment of  Environmental  Protection  revealed  that  a large 
mortality  event  had  occurred  sometime  after  1999  that 
extirpated  Atlantic  surfclams  from  the  southern  in- 
shore region  off  Delmarva  Peninsula,  followed  by  stock 
declines  in  both  state  and  inshore  federal  waters  off 
New  Jersey  (Powell4;  Kim  and  Powell,  2004).  An  addi- 
tional survey  conducted  in  2004  (Weinberg  et  al.5)  con- 
firmed the  northward  and  offshore  shift  in  the  Atlantic 
surfclam  stock. 

One  result  of  these  mortality  events  was  the  re- 
distribution of  the  stock  north:  namely  an  increasing 
abundance  off  the  coast  of  Long  Island,  New  York;  the 
expansion  of  the  population  on  Georges  Bank;  and  the 
movement  of  the  seaward  boundary  of  the  southern 
portion  of  the  stock  offshore  in  response  to  increased 
bottom  water  temperatures  (Weinberg,  2005;  Munroe 
et  al.,  2013;  NEFSC2).  Simulations  by  Narvaez  et  al. 
(2015)  based  on  stock  assessment  data  from  the  North- 
east Fisheries  Science  Center  and  bottom  temperature 
time  series  obtained  through  implementation  of  the 
Regional  Ocean  Modeling  System  for  the  northwestern 
Atlantic  indicated  that  episodic  warm  years  caused  el- 
evated mortality  events  in  older  and  larger  clams  and 
that  these  events  have  occurred  with  increasing  fre- 
quency over  the  last  several  decades  of  the  20th  centu- 
ry. In  the  simulation  study,  Narvaez  et  al.  (2015)  found 
that  thermal  stress  decreased  the  Atlantic  surfclam 
stock  by  2-9%  on  the  shelf  regions  that  coincide  with  a 
majority  of  the  regions  used  by  the  commercial  fishery. 

The  Atlantic  surfclam  reaches  marketable  sizes  of 
120  to  150  mm  SL  within  6-7  years  depending  upon 
food  availability  and  water  temperature  (Weinberg, 
1998;  Cargnelli  et  al.,  1999;  Weinberg  et  al.,  2002; 
NEFSC2).  Growth  rates  within  the  first  3 to  5 years 


4 Powell,  E.  N.  2003.  Maryland  inshore  surf  clam,  Spisula 
solidissima,  survey  August  2003  cruise  report.  Final  report 
to  J.  H.  Miles  & Co.  Inc.,  19  p.  Haskin  Shellfish  Research 
Laboratory,  Port  Norris,  NJ. 

5 Weinberg,  J.  R.,  E.  N.  Powell,  C.  Pickett,  V.  A.  Nordahl  Jr,  and 
L.  D.  Jacobson.  2005.  Results  from  the  2004  cooperative 
survey  of  Atlantic  surfclams.  U.S.  Dep.  Commer.,  Northeast 
Fish.  Sci.  Cent.  Ref.  Doc.  05-01,  41  p.  [Available  from  web- 
site.] 


have  been  reported  to  be  similar  across  much  of  the 
range  of  the  Atlantic  surfclam  before  the  1999  mortal- 
ity event  (Cargnelli  et  al.,  1999).  Increased  bottom  wa- 
ter temperatures  above  approximately  20°C  negatively 
affect  Atlantic  surfclam  nutrition  by  reducing  ingestion 
rate  and  leading  to  a reduction  in  growth  rate,  condi- 
tion, and  maximum  size  (Marzec  et  al.,  2010;  Munroe 
et  al.,  2013;  Munroe  et  al.,  2016).  Munroe  et  al.  (2016) 
found  that  the  maximum  size  had,  in  fact,  declined 
for  much  of  the  stock  since  1980.  Simulation  modeling 
of  Atlantic  surfclam  population  dynamics  shows  that 
this  outcome  can  be  derived  solely  from  rising  bot- 
tom water  temperatures  (Munroe  et  al.,  2013,  2016), 
although  a change  in  food  supply  would  result  in  the 
same  outcome. 

Along  the  Mid-Atlantic  coast,  the  Atlantic  surfclam 
has  supported  a fishery  since  the  1960s  that  reached 
total  revenues  of  $29  million  in  2011  (Weinberg,  1999; 
Weinberg  et  al.5;  NEFSC2).  The  average  rate  of  fishing- 
induced  mortality  (commonly  termed  “fishing  mortal- 
ity”) in  the  stock  south  of  Hudson  Canyon  has  been 
higher  than  the  fishing  mortality  rate  over  the  whole 
stock  and  of  the  northern  region  since  2002;  however,  the 
fishing  mortality  rate,  which  historically  has  been  less 
than  25%  of  the  natural  mortality  rate  (M=0. 15/year), 
remains  below  the  natural  mortality  rate  (NEFSC2). 

For  the  last  30  years,  most  of  the  commercial  land- 
ings within  the  U.S.  Exclusive  Economic  Zone  have 
been  harvested  along  the  coast  of  New  Jersey  and 
the  Delmarva  Peninsula  (Weinberg,  1999;  NEFSC2). 
Landings  in  this  region  within  the  last  decade  have 
declined  coincident  with  the  latest  phase  of  contrac- 
tion in  the  distribution  range  of  this  species.  According 
to  the  latest  stock  assessment,  the  Atlantic  surfclam 
is  not  overfished,  and  overfishing  is  unlikely  to  occur 
in  the  next  5-7  years  (NEFSC2).  However,  declining 
stock  abundance  has  led  to  the  termination  of  a once 
thriving  clam  fishery  in  the  most  southerly  portions 
of  its  range  since  2000.  A decline  in  landings  per  unit 
of  effort  (LPUEs),  coupled  with  rising  fishing  moral- 
ity rates,  has  generated  concern  for  the  sustainability 
of  the  stock  off  New  Jersey  (Powell4;  Weinberg  et  al.5; 
NEFSC2).  The  reopening  of  Georges  Bank  for  harvest- 
ing of  clams  in  2010  (NOAA,  2012) — an  area  that  was 
closed  in  1990  owing  to  the  risk  of  harvesting  clams 
contaminated  with  paralytic  shellfish  poison  (Jacobson 
and  Weinberg1)  — allowed  some  relief  from  fishing  pres- 
sure in  other  regions,  but  landings  over  much  of  the 
remainder  of  the  stock  continue  to  produce  the  steady 
decline  observed  since  2008  (Fig.  1)  (NEFSC2). 

Declining  abundance  and  LPUE  south  of  Hudson 
Canyon  have  driven  stakeholders’  desire  to  enhance 
production  in  the  New  Jersey  portion  of  the  stock  (Fig. 
1),  possibly  through  the  implementation  of  area  man- 
agement, which  has  proven  to  be  a useful  tool  for  im- 
proving production  in  fisheries  of  sessile  species  (Pow- 
ell et  al.,  2008;  Cooley  et  al.,  2015).  Examples  of  fish- 
eries where  implementation  of  this  strategy  has  been 
successful  are  the  fisheries  for  sea  scallop  ( Placopecten 
magellanicus ) in  the  Mid-Atlantic  Bight  (MAB)  and 
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Figure  1 

Landings  of  Atlantic  surfclam 
( Spisula  solidissima ) during 
2008-2013  in  the  Mid-Atlantic 
Bight  determined  from  a stock 
assessment  by  the  NOAA  North- 
east Fisheries  Science  Center 
(NEFSC2).  (A)  The  portion  of  the 
quota  harvested  from  the  entire 
stock  off  the  northeastern  coast  of 
the  United  States  (shown  in  met- 
ric tons  [t]  of  meat).  The  opening 
of  Georges  Bank  is  responsible 
for  the  slight  improvement  in  the 
percentage  of  quota  harvested  in 
2010.  (B)  The  amount  of  catch 
that  was  reported  from  only 
the  southern  region  of  the  fish- 
ing area  along  the  northeastern 
coast  of  the  United  States,  which 
excludes  Georges  Bank. 


New  England  regions  (Cooley  et  al.,  2015),  and  the  oys- 
ter fishery  in  Delaware  Bay  (Powell  et  al.,  2008).  One 
method  for  examining  the  risks  and  benefits  associated 
with  area  management  and  management  plans  in  gen- 
eral is  to  conduct  a management  strategy  evaluation 
(Smith,  1994).  An  MSE  is  a quantitative  tool  used  to 
evaluate  a range  of  possible  management  procedures 
by  comparing  performance  statistics  or  metrics  (But- 


terworth  and  Punt,  1999;  Martell  et  al.6;  Punt  et  al., 
2014).  Butterworth  et  al.  (1997)  describe  management 
procedures  as  “a  set  of  rules  which  utilize  prespecified 
data  to  provide  recommendations  for  management  ac- 
tions.” Performance  metrics  must  be  chosen  carefully, 
preferably  in  collaboration  with  the  stakeholders  of 
the  fishery,  to  ensure  clear  and  easy  interpretation 
of  simulation  results  (Francis  and  Shotton,  1997).  As 
examples,  MSE  has  been  used  to  contrast  the  perfor- 
mance of  fishery  alternative  management  strategies  in 
the  Pacific  halibut  ( Hippoglossus  stenolepis ) (Martell  et 
al.6),  rock  lobster  ( Jasus  edwardsii)  (Punt  et  al.,  2013), 
and  U.S.  southeastern  king  mackerel  ( Scomberomorus 
cavalla ) (Miller  et  al.,  2010)  fisheries  (see  Spillman  et 
al.,  2009;  Baudron  et  al.,  2010;  Bastardie  et  al.,  2010 
for  additional  examples). 

The  objective  of  our  study  is  to  evaluate  a range  of 
area  management  options  that  may  improve  the  At- 
lantic surfclam  stock  and  the  Atlantic  surfclam  fish- 
ery in  the  MAB.  The  Atlantic  surfclam  stock  for  this 
study  is  defined  as  the  portion  of  the  U.S.  stock  from 
approximately  Shinnecock,  New  York,  south  to  Chesa- 
peake Bay.  After  specification  of  management  options, 
the  results  of  a series  of  simulations  are  presented  and 
evaluated  on  the  basis  of  performance  metrics  estimat- 
ed with  varying  Atlantic  surfclam  population  dynam- 
ics and  a range  of  commercial  procedures,  including 
fishing  behaviors.  The  inclusion  of  fishing  behavior  is 
critical  because  captains  respond  to  new  management 
measures,  and  this  response  will  in  part  determine  the 
degree  of  success  of  those  management  measures  after 
implementation  (Bockstael  and  Opaluch,  1983;  Gillis  et 
al.,  1995;  Mackinson  et  al.,  1997;  Dorn,  2001;  Millischer 
and  Gascuel,  2006).  Subsequent  statistical  analyses  of 
performance  metrics  pertinent  to  population  productiv- 
ity and  fishery  sustainability  will  be  used  to  identify 
preferred  management  options  that  provide  significant 
improvement  in  performance  metrics  in  comparison 
with  present-day  management. 

Materials  and  methods 

Description  of  the  model  used  for  management  strategy 
evaluation 

The  spatially  explicit  fishery  economics  simulator  (SE- 
FES)  is  an  individual-based  model  of  a temporally  and 
spatially  variable  stock  of  Atlantic  surfclam  harvested 
by  a fleet  of  individual  commercial  vessels  (Fig.  2).  The 
primary  model  is  written  in  Fortran  90  and  is  then  pro- 
cessed in  MATLAB,7  vers.  R2015B  (Math Works,  Natick, 


6 Martell,  S.,  B.  Leaman,  and  I.  Stewart.  2014.  Develop- 
ments in  the  management  strategy  evaluation  process, 
fisheries  objectives,  and  implications  for  harvest  policy  and 
decision  making.  IPHC  Rep.  Assess.  Res.  Act.  2013:239— 
260.  [Available  from  website.] 

7 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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Figure  2 

Diagram  of  the  structure  of  the  spatially  explicit  fishery  economics  simulator  model,  including  all 
functions  used  in  the  simulations  for  this  study  of  management  strategy  evaluation  for  Atlantic 
surfclam  ( Spisula  solidissima ) in  the  Mid-Atlantic  Bight.  Powell  et  al.  (2015)  provides  a complete 
description  of  the  capabilities  of  this  model. 


MA)  and  analyzed  with  SAS  statistical  software,  vers. 
9 (SAS  Institute  Inc.,  Cary,  NC).  Models  that  track  fish- 
ing fleets  spatially  or  seasonally  are  becoming  increas- 
ingly important  (Holland  and  Sutinen,  2000;  Hutton 
et  ah,  2004;  Mahevas  and  Pelletier,  2004;  Monroy  et 
al.,  2010;  van  Putten  et  al.,  2012).  The  SEFES  model 
permits  simulation  of  the  entire  fishing  fleet  and  each 
vessel  operating  independently  according  to  specified 
criteria.  Powell  et  al.  (2015)  provide  a detailed  model 
description.  Pertinent  details  for  this  study  are  sum- 
marized here. 

The  spatial  domain  of  the  model  consists  of  a rect- 
angular grid  of  cells  with  areas  of  10'  of  latitude  by 
10'  of  longitude.  The  lO'-square  resolution  of  these 
cells  corresponds  with  the  resolution  of  data  reported 
in  logbooks  (NEFSC2).  The  grid,  which  is  specified  for 
the  MAB,  consists  of  17  cells  in  the  east-west  dimen- 
sion and  26  cells  in  the  north-south  dimension.  Each 
cell,  or  10'  square,  is  classified  as  land,  fishable  area, 
or  unfishable  area  by  a spatial  mask.  Three  land  cells 
specify  the  location  of  home  ports  located  from  north  to 


south  at  1)  Oceanside,  New  York,  2)  Atlantic  City,  New 
Jersey,  and  3)  Point  Pleasant,  New  Jersey.  Of  the  400 
ocean  cells,  52  are  fishable  areas  and  the  remaining 
cells  are  areas  presently  poorly  inhabited  or  uninhab- 
ited by  Atlantic  surfclam  (Fig.  3). 

Active  agents  of  the  model  are  the  19  commercial 
vessels  that  harvest  Atlantic  surfclam  under  imposed 
operational  constraints  and  decisions  from  the  ves- 
sel captain.  Operational  constraints,  which  can  vary 
among  vessels,  include  vessel  speed,  maximum  al- 
lowed time  at  sea,  harvest  capacities,  and  imposed 
harvest  quotas.  Each  active  vessel  in  the  fleet  is  speci- 
fied uniquely  in  the  model  and  is  committed  to  1 of 
3 home  ports  on  the  basis  of  location  where  that  ves- 
sel usually  offloads  its  catch.  The  commercial  vessels 
travel  within  the  spatial  domain  and  harvests  Atlantic 
surfclam  based  on  decisions  by  the  captains  of  where 
trip  quotas  can  be  met  most  efficiently  (i.e.,  short- 
est time  to  fill  the  vessel  with  the  lowest  operational 
costs).  The  captains’  decisions  are  based  on  “memo- 
ries” that  are  built  from  information  regarding  LPUEs 
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Figure  3 

(A)  Map  showing  the  location  of  home  ports  and  a representation  of  the  model  do- 
main outlined  for  this  study  of  management  strategy  evaluation  for  Atlantic  surf- 
clam  ( Spisula  solidissima ) in  the  Mid-Atlantic  Bight.  (B)  Model  domain  with  ports 
(black  squares),  fishable  areas  (white  squares),  unfishable  areas  (light  gray  squares), 
and  land  (dark  gray  squares).  Each  cell  in  the  domain  has  a resolution  of  IQ'xlO'. 
The  domain  contains  52  10'  squares  available  to  the  fishery  (white  squares).  Dis- 
tance represents  distances  along  the  x and  y axis  of  ten-minute  squares  in  the  grid. 


for  10'  squares  that  were  fished.  The  memory  of  LPUE 
for  a 10'  square  fished  during  a trip  is  updated  after 
each  trip.  Over  time  a captain’s  memory  of  the  entire 
domain  degrades  as  the  stock  changes  because  the 
captain  has  up-to-date  information  only  for  recently 
fished  10'  squares.  Each  captain  has  a skill  level  that 
can  range  from  1 to  10  in  the  model — a level  that  de- 
termines the  amount  of  time  the  dredge  is  actively 
fishing  with  10  representing  100%.  All  captains  in  this 
study  had  a skill  level  of  10.  See  Powell  et  al.  (2015) 
for  a more  detailed  description  of  “captain  memory  de- 
velopment” and  skill  levels. 

Each  simulation  spans  a total  of  201  years.  The  time 
step  is  given  in  days  and  certain  fishing  activities  are 
time-stepped  in  hours,  and  data  for  evaluation  of  per- 
formance metrics  are  collected  annually.  Model  days 
are  converted  to  calendar  dates  to  allow  for  seasonal 
variability  in  weather  and  fishing  behaviors  (e.g.,  fewer 
trips  during  winter  months).  No  fishing  occurs  in  the 
first  100  years  of  each  simulation  to  allow  the  Atlantic 
surfclam  population  to  reach  equilibrium  with  specified 
characteristics,  such  as  abundance  and  distribution  of 
individuals  that  are  based  on  larval  survival.  After  this 
period  of  time,  the  population  is  near  carrying  capac- 
ity and  is  characterized  by  a locally  patchy  distribu- 
tion with  regional  characteristics  consistent  with  the 
latitudinal  and  cross-shelf  temperature  gradients.  The 
next  25  years  represents  historical  fishing.  During  this 


time,  a captain’s  memories  of  stock  distribution  and 
LPUE  develops  and  the  stock  is  fished  down  to  a de- 
sired specified  level.  Area  management  is  imposed  in 
year  126  and  the  final  76  years  are  used  to  evaluate 
the  area  management  option  (i.e.  the  combination  of 
closure  location  rule  and  closure  duration  used)  in  rela- 
tion to  present-day  management. 

Three  initial  stock  distributions  ranging  from  dense 
to  sparse  levels  of  patchiness  were  specified  to  cover  a 
range  in  stock  patchiness.  Patchiness  was  established 
by  assigning  new  recruits  to  each  10'  square  by  using 
a negative  binomial  random  distribution  that  produced 
distinctive  variance  in  the  abundance  of  clams  in  each 
10'  square  relative  to  the  mean  abundance  for  all  10' 
squares.  Variation  in  patchiness  of  the  distribution  is 
included  in  this  study  as  a sensitivity  analysis  with  a 
range  that  is  typical  of  bivalve  populations  and  consis- 
tent with  Northeast  Fisheries  Science  Center  Atlantic 
surfclam  and  ocean  quahog  ( Arctica  islandica)  survey 
data.  An  Allee  effect  was  not  included;  population  den- 
sities are  assumed  not  to  limit  fertilization  efficiency. 
Recruitment  is  an  annual  event.  The  recruitment  rate 
is  set  by  a broodstock-recruitment  relationship  (Pow- 
ell et  al.,  2015)  that  results  in  levels  of  postsettlement 
abundance  that  are  representative  of  present-day 
abundance  that  is  based  on  data  from  the  Northeast 
Fisheries  Science  Center  2011  Atlantic  surfclam  and 
ocean  quahog  survey. 
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Atlantic  surfclams  are  distributed  in  length-based 
size  classes.  Average  wet  weights  (W)  are  calculated 
with  an  allometric  relationship  of  the  form  (Marzec  et 
ah,  2010): 

W = aL\  (1) 

where  L = the  length  in  millimeters. 

Parameter  values  come  from  Marzec  et  al.  (2010). 
Growth  and  mortality  rates  vary  latitudinally  and 
across-shelf  for  each  10'  square.  The  growth  rate  of 
Atlantic  surfclam  is  calculated  from  a von  Bertalanffy 
growth  curve  (with  a growth  rate  ( k ) that  increases  in 
the  northern  and  eastward  direction)  by  using  the  fol- 
lowing equation: 

La  = LSI  - e~kA),  (2) 

where  L = length  in  millimeters;  and 
A = age  in  years. 

Parameters  are  based  on  Munroe  et  al.  (2016)  and 
NEFSC2.  Natural  mortality  is  imposed  by  using  a con- 
stant mortality  rate  across  all  size  classes  consistent 
with  the  presently  accepted  stock  assessment  model 
(NEFSC2)  and  the  analysis  of  Weinberg  (1999)  and 
is  specified  to  increase  from  northeast  to  southwest 
across  the  domain  to  reduce  Atlantic  surfclam  abun- 
dance at  the  southern  and  inshore  extremes  of  the 
range  as  observed. 

A survey  of  the  simulated  clam  population  is  con- 
ducted annually  on  1 November  and  includes  the  most 
recent  recruitment  event.  The  true  clam  density  for 
each  10'  square  is  used  for  this  survey  and  samples 
are  taken  from  every  10'  square  in  the  domain.  Re- 
sults from  the  survey  are  then  used  to  set  the  annual 
quota  based  on  a quota  cap  established  by  the  fish- 
ery management  plan  (FMP)  for  the  Atlantic  surfclam 
(MAFMC8),  the  presently  accepted  biological  reference 
points  (NEFSC2),  and  the  allowable  biological  catch 
control  rules.  The  annual  quota  biomass  is  then  con- 
verted to  bushels  of  clams.  In  practice,  the  Atlantic 
surfclam  allowable  biological  catch  has  always  been 
above  the  FMP  quota  cap.  The  stock  has  never  been 
overfished  and  overfishing  has  never  occurred.  Conse- 
quently, in  these  simulations,  the  total  allowable  catch 
remained  stable  at  the  FMP  quota  cap  of  3.5  million 
bushels.  Thus,  simulations  address  management  op- 
tions for  a fishery  in  which  overfishing  does  not  occur 
and  for  which  the  stock  is  not  overfished — simulations 
consistent  with  the  conditions  present  throughout  the 
2000  to  2012  period  as  documented  in  the  most  recent 
federal  assessment  (NEFSC2). 

For  the  current  FMP  for  Atlantic  surfclams,  an  indi- 
vidual transferable  quota  system  is  used  that  allocates 
a number  of  cage  landings  to  each  of  the  shareholders 


8 MAFMC  (Mid-Atlantic  Fishery  Management  Council).  1986. 
Amendment  #6  to  the  fishery  management  plan  for  Atlantic 
surf  clam  and  ocean  quahog  fisheries,  rev.  ed.,  102  p.  Mid- 
Atlantic  Fishery  Management  Council,  Dover,  DE  [Avail- 
able from  website.] 


(McCay  et  al.,  1995;  MAFMC9;  NEFSC2).  In  practice, 
these  shares  are  amassed  through  direct  ownership 
or  lease  by  processing  plants  and  quotas  are  issued  to 
the  vessels  each  of  which  fishes  exclusively  for  specific 
processing  plants.  That  is,  the  fishery  is  vertically  inte- 
grated with  processing  plants  holding  quotas  that  they 
distribute  to  vessels  that  land  catch  only  at  designated 
ports.  Within  this  model,  the  current  FMP  is  imple- 
mented and  area  management  is  added  to  the  manage- 
ment plan.  Each  processing  plant  distributes  its  frac- 
tion of  the  total  quota  to  its  vessels  weekly.  The  weekly 
quota  is  limited  to  twice  the  vessel  hold  size  serving 
to  limit  the  number  of  trips  per  vessel  to  2 trips/week, 
a number  consistent  with  industry  practice.  During 
each  simulation,  a vessel  harvests  clams  on  the  basis 
of  the  captain’s  decision  and  memory  of  fishing  areas 
and  according  to  imposed  harvest  quotas.  The  vessels 
fish  to  capacity  if  possible,  given  the  constraint  that 
time  at  sea  is  restricted  during  the  warmer  months  to 
limit  deterioration  of  the  catch  because  Atlantic  surf- 
clam vessels  have  no  or  a limited  capacity  for  refrigera- 
tion. Captains’  memories  are  updated  after  each  fish- 
ing trip.  Harvest  rates  are  calculated  from  tow  speed, 
dredge  width,  dredge  efficiency,  the  size  selectivity  of 
the  dredge,  and  the  skill  of  the  captain.  Tow  speed, 
dredge  width,  dredge  efficiency,  and  the  size  selectivity 
of  the  dredge  are  based  on  federal  survey  program  data 
reported  from  2011  (e.g.,  NEFSC2)  and  data  received 
in  2013  from  vessel  owners  and  captains  on  standard 
operating  conditions  for  harvesting  Atlantic  surfclam. 

Simulation  experiments 

The  essential  elements  of  an  MSE  include  management 
objectives,  performance  metrics,  and  management  op- 
tions (Smith,  1994).  The  primary  management  objective 
is  to  insulate  both  the  Atlantic  surfclam  stock  and  the 
commercial  LPUE  from  further  decline.  The  evaluation 
of  alternative  management  procedures  for  both  the  en- 
hancement of  the  Atlantic  surfclam  stock  and  the  eco- 
nomics of  the  industry  is  based  on  statistical  analysis 
of  performance  metrics.  The  performance  metrics  are 
rooted  in  interviews  with  representatives  from  process- 
ing plants,  industry  trade  organizations,  and  vessel 
captains  to  ensure  appropriateness.  The  performance 
metrics  chosen  are  important  in  that  they  provide  met- 
rics that  allow  commercial  stakeholders  to  evaluate  the 
results  of  each  management  procedure  based  on  their 
business  model.  A total  of  5 performance  metrics  were 
used.  Two  of  these  metrics  are  used  to  measure  the  popu- 
lation: clam  whole-stock  density,  which  is  the  number 
of  clams  >120  mm  SL  per  square  meter  (the  fishable 
stock  is  defined  as  clams  >120  SL  mm  [NEFSC2]),  and 
the  number  of  clams  per  bushel.  Three  metrics  were 
used  to  measure  the  effect  of  area  management  on  the 


9 MAFMC  (Mid-Atlantic  Fishery  Management  Council). 
2013.  Atlantic  surfclam  information  document,  9 p.  Mid- 
Atlantic  Fishery  Management  Council,  Dover,  DE.  [Avail- 
able from  website,  accessed  September  2014.] 
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commercial  industry:  1)  LPUE,  which  is  the  number  of 
bushels  fished  per  hour;  2)  the  number  of  10'  squares 
fished;  and  3)  the  total  distance  traveled  per  fishing 
trip  (in  kilometers).  The  location  of  ports  and  processing 
plants  are  invariable,  consistent  with  present-day  eco- 
nomic limitations  that  make  the  movement  of  processing 
capacity  an  implausible  adaptation.  The  management 
options  include  a range  of  closure  locations  and  dura- 
tions discussed  later  in  this  section. 

Alternative  hypotheses  about  population  dynamics, 
often  termed  “states  of  nature,”  such  as  dispersion  and 
abundance  of  a stock,  can  cause  marked  differences  in 
the  density  and  disposition  of  a stock  and  influence  the 
success  of  management  alternatives  (Punt  and  Hilborn, 
1997;  McAllister  and  Kirkwood,  1998;  Hilborn,  2003). 
In  this  study,  variations  in  stock  distribution  are  simu- 
lated as  differing  degrees  of  patchiness  obtained  by  in- 
creasing the  ratio  of  the  variance  in  recruitment  among 
10'  squares  to  the  mean  recruitment  for  the  entire 
population,  with  each  degree  being  a variance-to-mean 
ratio  approximately  twice  the  value  of  the  previous 
one  (e.g.,  medium  patchiness  has  a variance-to-mean 
ratio  that  is  approximately  twice  that  of  low  patchi- 
ness). Stock  abundance  is  representative  of  present-day 
abundance  in  2011  (NEFSC2)  based  on  abundance  data 
from  the  Northeast  Fisheries  Science  Center  Atlantic 
surfclam  and  ocean  quahog  survey  in  2011  (NEFSC2). 

Incidental  mortality  of  clams  that  remain  on  the  sea 
floor  after  dredging  is  investigated  by  setting  incidental 
mortality  to  0%  and  20%  of  the  clams  encountered  by 
the  dredge  but  not  caught  in  the  dredge.  The  assump- 
tion that  is  currently  made  by  NMFS  is  that  incidental 
mortality  occurs  at  an  intermediate  value  of  approxi- 
mately 12%  (NEFSC2)  based  on  Meyer  et  al.  (1981).  For 
each  of  the  degrees  of  patchiness  and  for  the  2 levels  of 
incidental  mortality,  simulations  were  performed  with 
present-day  management  (termed  “base  cases”  hereaf- 
ter) for  a comparison  with  simulations  of  area  manage- 
ment options. 

Incorporation  and  manipulation  of  various  commer- 
cial procedures  allow  an  investigation  of  the  fishery 
and  the  plausible  options  for  enhancement  of  economic 
opportunities.  Captain  behavioral  types,  closure  dura- 
tions, closure  locations,  and  years  to  harvest  (i.e.,  the 
elapsed  time  for  a small  clam  of  specified  size  to  reach 
a defined  market  size)  have  all  been  identified  as  per- 
tinent commercial  features  when  considering  manage- 
ment strategies.  Commercial  procedures  are  based  on 
interviews  conducted  with  industry  leaders,  including 
representatives  from  processing  plants  and  trade  orga- 
nizations, and  vessel  captains. 

One  of  3 captain  behavioral  types  (standard,  survey, 
confident)  is  included  in  each  simulation.  Captain  be- 
haviors are  exclusive  to  each  captain  type  (e.g.,  confi- 
dent captains  do  not  use  survey  data).  Standard  cap- 
tains do  not  search  for  new  fishing  grounds  and  do  not 
use  survey  data.  Survey  captains  update  their  knowl- 
edge every  3 years  with  data  from  NMFS  population 
surveys.  The  use  of  NMFS  survey  data  by  captains  is 
common  practice  and  has  been  found  to  improve  per- 


formance in  simulation  studies  (Powell  et  al.,  2015). 
Confident  captains  spend  20%  of  fishing  time  search- 
ing for  new  fishing  grounds.  In  simulations,  searching 
behavior  produces  similar  positive  changes  in  perfor- 
mance because  using  survey  data  (Powell  et  al.,  2015) 
and  searching  is  reported  as  a desirable  practice  by 
captains.  Each  individual  simulation  has  a defined 
degree  of  stock  patchiness  and  captain  type  (Table  1). 
Nine  simulations,  1 simulation  for  each  combination  of 
captain  type  and  stock  patchiness,  constitute  1 set  of 
cases,  hereafter  termed  an  ennead  (Fig.  4). 

Hypotheses  of  this  study  are  that  area  manage- 
ment will  be  beneficial  for  the  Atlantic  surfclam  stock 
and  commercial  fishery.  A comparison  of  performance 
metrics  between  enneads  under  present-day  and  those 
under  alternative  management  allowed  us  to  test  our 
hypotheses  (Fig.  5).  Management  alternatives  consist 
of  closures  of  one  10'  square  per  year  during  the  76 
simulated  fishing  years.  The  management  alternatives 
simulate  the  addition  of  area  closures  to  the  current 
management  plan.  Area  closure  locations  are  based  on 
1 of  2 rules;  a given  rule  remains  in  effect  throughout 
the  76  simulated  fishing  years.  If  rule  1 is  executed, 
the  10'  square  with  the  highest  ratio  of  the  number 
of  small  clams  to  the  number  of  market-size  clams  is 
closed  each  year.  Rule  1 focuses  on  the  importance  of 
the  proportional  presence  of  small  clams.  If  rule  2 is 
imposed,  the  10'  square  with  the  largest  density  of 
small  clams  (number  of  clams  per  square  meter)  is 
closed  each  year.  Rule  2 considers  the  population  of 
small  clams  as  a whole  over  an  area.  Closure  durations 
of  3,  5,  and  7 years  are  compared  with  no  closures.  This 
results  in  3,  5,  or  7 10'  squares  being  closed  during 
each  of  the  simulated  years  once  the  initial  span  of 
time  specified  has  elapsed.  The  closure  durations  would 
result  in  6%,  10%,  and  14%,  respectively,  of  the  fish- 
able  area  being  closed  in  any  year  after  the  maximum 
number  of  10'  squares  were  closed  (e.g.,  for  the  5-year 
closure  duration,  five  10'  squares  [10%  of  the  fished 
area]  would  be  closed  at  a given  time). 

Success  of  both  of  the  area  management  rules  for 
closure  location  varies  depending  on  the  definition  of 
a small  clam  (i.e.,  a clam  that  is  smaller  than  market 
size).  The  definition  of  a small  clam  implemented  in 
the  simulations  is  a value  that  depends  on  the  time 
required  for  a clam  to  grow  to  market  size  (120  mm  SL; 
NEFSC2).  The  specified  size  depends  on  growth  rate, 
which  is  variable  across  the  domain.  This  variation  al- 
lows clams  to  grow  faster  in  some  regions  than  in  oth- 
ers, depending  on  water  temperature.  A range  of  years 
(from  2 to  5 years)  to  reach  harvest  size  is  investigated 
in  this  study.  The  number  of  small  clams  is  determined 
on  the  basis  of  the  smallest  SL  that  would  reach  mar- 
ket size  (120  mm  SL)  in  a defined  period  of  time.  All 
clams  with  SL  that  would  reach  market  size,  or  larger, 
in  the  defined  amount  of  time  in  a 10'  square,  but  <120 
mm  SL  (i.e.,  less  than  market  size),  are  counted  to  in- 
voke closure  location  rule  1 or  2 depending  on  which 
rule  is  being  used  for  a given  set  of  simulations.  For 
convenience,  an  average  of  the  minimum  sizes  for  all 
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Table  1 

Varying  characteristics  of  model  simulations  used  in  the  management  strategy  evaluation  for  the  Atlantic  surfclam  ( Spisula 
solidissima ) in  the  Mid-Atlantic  Bight.  The  structure  of  each  set  of  cases  is  shown  in  bold.  Incidental  mortality  applies  to 
clams  that  are  not  retained  by  the  dredge.  Nine  individual  simulations  (in  bold)  represent  one  set  of  cases,  an  ennead  (see 
also  Fig.  4).  An  ennead  was  run  for  each  level  of  incidental  mortality,  each  management  option,  each  closure  duration,  and 
each  definition  of  a small  clam  for  a total  of  72  (2x3x3x4)  enneads.  Market-size  clams  are  >120  mm  shell  length  (SL).  LPUE 
is  measured  as  number  of  bushels  fished  per  hour.  Three  initial  stock  distributions  ranging  from  dense  to  sparse  levels  of 
patchiness  were  specified  to  cover  a range  in  stock  patchiness.  Patchiness  was  established  by  assigning  new  recruits  to  each 
10'  square  by  using  a negative  binomial  random  distribution  that  produced  distinctive  variance  in  the  abundance  of  clams 
in  each  10'  square  relative  to  the  mean  abundance  for  all  10'  squares. 


Model  configurations  Ennead  complement 


Performance 

metrics 

Levels  of 
incidental 
mortality 

Management 

options 

Closure 

duration 

(yr) 

Definitions 
of  a small 
clam 

Patchiness 

Captain 

type 

Stock  density 
(number  of  clams 
>75  mm  SL/m2) 

0% 

Present-day — no  closures 

3 

104  mm  SL 

High 

Standard 

Confident 

Survey 

Number  of  clams 
per  bushel 

20% 

Rule  1 — close  the  10'  square 
with  the  highest  ratio  of  the 
number  of  small  clams  to  the 
number  of  market-sized  clams 

5 

93  mm  SL 

Medium 

Standard 

Confident 

Survey 

LPUE  (bushels/h) 

Rule  2 — close  the  10'  square 
with  the  highest  number  of 
small  clams/m2 

7 

80  mm  SL 

Low 

Standard 

Confident 

Survey 

Number  of  10'  squares  64  mm  SL 

fished 

Distance  traveled 
during  fishing  (km) 


10'  squares  is  used  to  identify  groups  of  clams  with 
the  same  maximal  elapsed  time  to  market  size  for  our 
presentation  of  simulation  results.  These  averages  are 
104,  93,  80,  and  64  mm  SL  for  2,  3,  4,  and  5 growth 
years,  respectively,  to  reach  120  mm  SL. 

Statistical  evaluation  of  alternative  management  strategies 

Each  comparison  between  present-day  and  alternative 
management  is  based  on  an  ennead  of  simulations  with 
varying  captain  behavior  and  patchiness  of  recruitment 
(Table  1)  for  each  defined  size  of  a small  clam  and  each 
specified  closure  duration.  This  results  in  4 enneads  per 
closure  duration  (1  set  of  9 for  each  definition  of  a small 
clam)  and  12  enneads  per  closure  location  rule  (Fig.  4). 
The  structure  of  the  base  case  is  composed  of  the  same 
states  of  nature  and  captain  behaviors  as  the  alternative 
management  cases,  excluding  area  closures.  Each  enne- 
ad is  designed  to  evaluate  the  interaction  of  patchiness 
of  distribution  with  captain  behavior  in  order  to  evalu- 
ate the  sensitivity  of  outcomes  to  this  key  interaction. 

Management  strategies  were  compared  by  using 
the  nonparametric  Wilcoxon  signed-rank  test  (Conover, 
1980).  This  test  uses  the  difference  in  metric  values  be- 
tween 2 outcomes — in  this  case  the  difference  between 
the  base  case  and  the  otherwise  equivalent  simulation 


under  alternative  management  (e.g.,  closure  location 
rules  1 and  2,  closure  durations,  and  small  clam  defini- 
tions (i.e.,  years  to  market  size,  Fig.  5).  Each  compari- 
son was  based  on  76  years  of  simulated  time,  with  1 
difference  calculated  for  each  of  the  76  years;  therefore, 
a single  Wilcoxon  test  was  based  on  n= 76  (Fig.  6).  Be- 
cause each  year  was  different  from  each  succeeding  or 
preceding  year  because  a 10'  square  was  opened  and 
closed  each  year  and  because  each  vessel  and  captain 
operated  independently  in  each  year  with  their  own  be- 
haviors and  differing  memories,  each  year  represented 
a unique  pairwise  comparison  of  the  area  management 
option  and  the  otherwise  equivalent  base  case.  There- 
fore, 9 Wilcoxon  tests  were  conducted  for  each  ennead. 
The  likelihood  of  the  number  of  significant  outcomes 
from  these  9 tests  exceeding  chance  was  evaluated  by 
an  exact  binomial  test  (Conover,  1980).  Any  comparison 
yielding  more  than  1 significant  difference  between  the 
base  case  and  area  management  option  out  of  the  9 
simulations  performed  exceeded  the  number  expected 
by  chance  at  a=0.05. 

Performance  metrics  were  evaluated  by  the  propor- 
tion of  simulations  that  resulted  in  an  increased  per- 
formance metric  in  comparison  with  the  base  case  with 
the  same  composition  and  the  amount  of  increase  seen 
in  those  significant  simulations.  Management  strate- 
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Figure  4 

Matrix  design  for  the  sets  of  simulations  used  in  pairwise  comparisons  of  perfor- 
mance metrics  for  this  study  of  the  management  strategy  evaluation  for  the  Atlan- 
tic surfclam  ( Spisula  solidissima ) in  the  Mid-Atlantic  Bight.  The  matrix  is  repeated 
for  each  of  the  2 closure  location  rules  (rule  1:  ratio  of  the  number  of  small  dams  to 
the  number  of  market-size  clams;  Rule  2:  number  of  small  clams  per  square  meter). 
The  increase  in  degree  of  patchiness  approximately  doubles  between  each  level 
(i.e.,  the  most  patchy  distribution  is  twice  as  patchy  as  the  intermediate  degree 
of  patchiness).  The  3 captain  types  are  standard  (does  not  search  or  use  survey 
data),  survey  (uses  survey  data  but  does  not  search  fishing  grounds),  and  confident 
(searches  but  does  not  use  survey  data).  Definitions  of  a small  clam  are  given  as  of 
clams  is  given  as  shell  length  (SL)  in  millimeters. 

gies  that  result  in  a large  proportion  of  simulations 
that  showed  improvement  in  comparison  with  the  base 
case  (even  if  the  proportional  increase  is  small)  are 
preferable  because  the  scenario  would  be  more  likely 
to  result  in  improvements  if  implemented  than  a sce- 
nario with  few  simulations  showing  improvement;  that 
is,  improvement  can  be  expected  over  a wider  range 
of  contingencies  influenced  by  differential  recruit- 
ment patterns  and  captains’  behaviors.  It  is  possible 
that  management  decisions  could  be  based  on  a large 
amount  of  increase  even  though  the  possibility  of  that 
outcome  is  low.  For  this  reason,  investigation  of  the 
possibility  of  the  outcomes  and  the  magnitude  of  the 
changes  seen  are  included  in  this  study.  In  addition 
to  a comparison  of  the  sets  of  alternative  management 
and  base  cases,  a second  series  of  comparisons  was  con- 
ducted between  alternative  area  management  strate- 
gies; these  offer  additional  insight  as  to  which  manage- 
ment options  offer  the  most  benefit. 

In  certain  scenarios,  a 4-year  closure  duration  was 
examined  in  addition  to  the  3-,  5-,  and  7-year  closures. 


The  performance  metric  values  for  the  4-year  closure 
duration  routinely  fell  between  the  3-  and  5-year  clo- 
sure durations  performance  metric  values  as  seen  in 
the  number  of  clams  per  bushel  and  LPUE  included 
in  Table  2 as  examples  for  comparison  with  simulation 
results  discussed  subsequently.  For  this  reason,  results 
of  simulations  with  the  use  of  the  4-year  closure  dura- 
tion will  not  be  presented  subsequently. 

Results 

Closure  location  based  on  rule  1 : the  ratio  of  small  clams 
to  market-size  clams 

Stock  density  A greater  proportion  of  simulations  show 
a significant  increase  in  stock  density  when  the  defini- 
tion of  a small  clam  was  93-120  mm  SL  or  80-120  mm 
SL  (Table  3),  which  is  representative  of  clams  expected 
to  reach  market  size  (120  mm  SL)  in  <3  and  <4  years 
respectively.  As  the  duration  of  the  closure  increased 
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Create  sets  of  cases  with: 

1 . Varying  states  of  nature 
-distribution/patchiness 

2.  Varying  commercial  procedures 
-captain  type 

-definition  of  a small  clam 


Use  sets  of  cases  to  simulate  present-day  and  alternative  management  strategies 
including: 

1 . Present-day  management 
-no  closures 

2.  A range  of  closure  durations 
-3,  5,  7 years 

3.  Two  closure  location  options  to  close  the  ten-minute  squares  with  the  highest 
rule  specified  value 

-Rule  1:  ratio  of  number  of  small  clams  to  number  of  market-sized  clams 
-Rule  2:  number  of  small  clams  per  square  meter 


Figure  S 

Diagram  of  the  procedure  used  to  compare  performance  of  present-day  management 
(no  closures)  with  alternate  management  (3  closure  durations  and  2 closure  location 
rules)  in  the  management  strategy  collection  for  Atlantic  surfclam  ( Spisula  solidis- 
sima) in  the  Mid-Atlantic  Bight. 


from  3 to  7 years,  the  average  percentage  of  simula- 
tions with  significant  increases  in  stock  density  under 
area  management  increased  across  all  definitions  of  a 
small  clam.  The  3-year  closure  duration  resulted  in  an 
average  increase  in  stock  density  of  5%  (Fig.  7,  Table 
4);  44%  (Table  3)  of  simulations  showed  a significant 
increase  in  stock  density  compared  to  present-day 
management.  The  5-year  closure  duration  resulted  in 
an  average  4%  increase  in  stock  density  over  all  defi- 
nitions of  a small  clam  (Fig.  7,  Table  4).  The  greatest 
average  percentage  of  simulations  that  showed  a sig- 


nificant increase  in  stock  density  compared  with  that 
under  present-day  management  is  seen  with  the  5-year 
closure  duration  (range:  33-67%;  average:  47%;  Table 
3).  The  7-year  closure  duration  resulted  in  a 7%  aver- 
age increase  in  stock  density  (Fig.  7,  Table  4),  the  larg- 
est average  stock  density  increase  across  all  definitions 
of  a small  clam.  The  7-year  closure  duration  showed 
a significant  increase  in  stock  density  in  an  average 
of  44%  (range:  33-56%;  Table  3)  of  the  simulations  in 
comparison  with  present-day  management.  When  the 
imposed  incidental  mortality  on  clams  not  retained 


310 


Fishery  Bulletin  115(3) 


Simulation  of  76  years  under 
present-day  management 
(ITQ  system) 


l 


Simulation  of  76  years  under 
alternative  management 
(addition  of  area  management  via 
closures  to  the  ITQ  system) 


1 


Annual  data  collected 
(performance  metrics) 
(n=76)  ^ 


Annual  data  collected 
(performance  metrics) 
A.  (n=76) 


Pair-wise  comparisons  of  performance  metrics  via  Wilcoxon  signed-rank  test 


I 


Identification  of  preferred  option 

(simulations  that  result  in  improvement  to  the  Atlantic  surfclam  stock 
and  commercial  fishery  via  improvement  in  performance  metrics: 
density  of  the  clam  stock,  number  of  clams  per  bushel,  landings  per  unit 
effort  [number  of  bushels  per  hour],  number  of  10’  squares  visited  to 
reach  quota,  distance  traveled  per  fishing  trip) 

Figure  6 

Diagram  of  the  methods  used  to  identify  a preferred  option  to 
meet  management  objectives  (i.e.,  improvement  in  the  biomass  of 
the  Atlantic  surfclam  ( Spisula  solidissima)  stock  and  economic  op- 
portunities of  the  commercial  fishery  in  the  Mid-Atlantic  Bight). 
ITQ=individual  transferable  quota. 


by  the  dredge  is  increased  from  0%  to  20%,  a higher 
percentage  of  simulations  show  significantly  increased 
stock  density  and  the  degree  of  increase  in  stock  den- 
sity was  also  larger  (Table  5).  The  increase  in  stock 
density  with  an  increase  in  incidental  mortality  can  be 
explained  by  the  fact  that  without  closures  (i.e.,  under 
present-day  management),  small  clams  are  subjected 
to  additional  mortality  over  the  entire  stock.  Because 
of  the  closure  rules,  the  fishery  is  shifted  from  regions 
where  mortality  on  small  clams  would  be  most  sig- 
nificant to  areas  of  lesser  impact  because  fewer  small 
clams  reside  there.  A closed  10'  square  offers  protection 
to  the  clams  inside  it  until  that  10'  square  is  reopened 
to  the  fishery,  and  these  10'  squares  are  characterized 
by  a disproportionate  number  of  small  clams.  As  a con- 
sequence, the  total  mortality  on  small  clams  over  the 
entire  stock  is  reduced  and  stock  density  commensu- 
rately  increases. 

Number  of  clams  per  bushel  As  the  closure  duration  in- 
creased from  3 to  7 years,  fewer  clams  were  required  to 
fill  a bushel.  Having  fewer  clams  per  bushel  suggests 
that  larger  clams  are  landed  under  alternative  manage- 
ment and  that  as  the  duration  of  the  closure  increased, 
the  size  of  landed  clams  increased.  The  percentage  of 
simulations  that  showed  significantly  more  clams  per 
bushel  under  present-day  management  reached  100% 
(Table  3)  for  all  5-year  and  7-year  closure  durations. 


The  number  of  clams  per  bushel  was  on  av- 
erage 4%  greater  under  present-day  man- 
agement than  under  the  7-year  closure  du- 
ration (Fig.  7,  Table  4).  The  increased  clam 
size  as  the  duration  of  the  closure  increased 
was  not  affected  by  an  increase  in  inciden- 
tal mortality  (Table  5). 

Landings  per  unit  of  effort  As  the  size  defin- 
ing a small  clam  decreased,  a greater  pro- 
portion of  simulations  had  significant  LPUE 
increases  under  the  5-  and  7-year  closure 
durations  in  comparison  with  LPUE  under 
present-day  management.  The  proportion 
of  clams  in  the  stock  defined  as  small  in- 
creased as  the  size  defining  a small  clam  de- 
creased. For  example,  as  the  definition  of  a 
small  clam  changed  from  93-120  mm  SL  to 
80-120  mm  SL,  more  clams  in  the  popula- 
tion are  defined  as  small  because  the  clams 
between  92  and  80  mm  SL  are  now  added 
to  the  number  of  clams  deemed  to  be  small. 
The  LPUE  declines  when  the  size  definition 
increases  from  80-120  mm  SL  to  93-120 
mm  SL.  The  10'  squares  with  the  highest 
clam  density,  which  are  now  dominated  by 
fewer  small  clams  when  the  93-120  mm  SL 
definition  is  used,  are  being  closed  on  the 
basis  of  the  closure  location  rule  (close  10' 
square  with  largest  ratio  of  the  number  of 
small  clams  to  the  number  of  market-size 
clams).  Thus,  more  clams  are  protected 
when  the  definition  of  a small  clam  is  smaller  (i.e.,  80- 
120  mm  SL)  which  leads  to  a larger  number  of  clams 
in  the  stock  when  the  10'  square  reopens. 

All  of  the  examined  closure  durations  resulted  in 
average  increases  of  6%  in  LPUE  (Fig.  7,  Table  4).  The 
3-year  closure  duration  resulted  in  61%  (Table  3)  of 
simulations  showing  a significant  increase  in  LPUE 
compared  with  that  under  present-day  management. 
The  5-year  closure  duration  had  the  highest  average 
percentage  of  simulations  that  showed  a significant 
increase  in  LPUE  compared  with  LPUE  under  pres- 
ent-day management  (range:  33-89%;  average:  64%; 
Table  3).  The  7-year  closure  duration  had  the  lowest 
average  percentage  of  simulations  showing  a signifi- 
cant increase  in  LPUE  in  comparison  with  that  under 
present-day  management  (range:  33-56%;  average: 
44%;  Table  3).  When  additional  incidental  mortality  is 
imposed,  the  effect  of  alternative  management  in  in- 
creasing the  LPUE  is  enhanced  (Table  5).  The  5-year 
closure  duration  resulted  in  an  average  15%  increase 
in  LPUE,  and  75%  of  simulations  had  significantly  in- 
creased LPUE  in  comparison  with  that  under  present- 
day  management  (Table  5). 

Number  of  10'  squares  fished  The  number  of  10' 
squares  fished  during  a year  increased  as  the  closure 
duration  decreased  (Fig.  7,  Table  4)  because  captains 
are  targeting  10'  squares  that  recently  opened  after  be- 
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Table  2 

Summary  statistics  for  average  proportion  differences  for  the  number  of  clams  per  bushel  and  landings  per  unit  of  effort 
(LPUE),  measured  as  the  number  of  bushels  fished  per  hour  and  given  as  examples  of  the  results  for  the  model  that  used 
the  4-year  closure  duration  in  an  evaluation  of  management  strategy  for  the  Atlantic  surfclam  ( Spisula  solidissima ) in  the 
Mid-Atlantic  Bight.  Comparison  can  be  made  with  data  in  Table  6.  Size  of  clams  is  given  as  shell  length  (SL)  in  millimeters, 
and  closure  duration  is  measured  in  years.  N is  the  number  of  simulations  where  a significant  difference  exists  between 
the  performance  metric  under  present-day  or  alternative  management  at  present-day  abundance.  The  maximum  N is  9. 

Definition  of  a small  clam 


Number  of  clams  per  bushel 
Present  management  N 
X2 

Alternative  management  N 
X2 


LPUE 

Present  management 


N 
X2 

Alternative  management  N 
X2 


104  mm  SL 

93  mm  SL 

80  mm  SL 

64  mm  SL 

Closure  duration  (yr) 

3 

4 

5 

7 

3 

4 

5 

7 

3 

4 

5 

7 

3 

4 

5 

7 

5 

9 

9 

9 

2 

9 

9 

9 

2 

5 

9 

9 

2 

3 

9 

9 

0.01 

0.02 

0.03 

0.04 

0.01 

0.02 

0.03 

0.04 

0.01 

0.01 

0.02 

0.04 

0.01 

0.01 

0.01 

0.03 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

0 

1 

0 

1 

0 

0 

1 

1 

0 

0 

0 

1 

- 

0.03 

0.04 

0.05 

- 

0.04 

- 

0.02 

- 

- 

0.05 

0.04 

- 

- 

- 

0.02 

4 

7 

3 

5 

6 

5 

7 

4 

7 

9 

7 

3 

5 

5 

8 

4 

0.06 

0.09 

0.05 

0.06 

0.07 

0.07 

0.08 

0.12 

0.05 

0.05 

0.08 

0.12 

0.07 

0.05 

0.07 

0.09 

ing  closed  for  some  duration  of  years.  A 10'  square  that 
has  been  closed  for  a longer  duration  will  result  in  the 
landing  of  larger  clams  and  have  a higher  stock  den- 
sity, and  therefore  LPUE  will  be  higher  and  lead  to  the 
vessels  targeting  these  10'  squares  for  a larger  number 
of  trips.  Consequently,  fewer  10'  squares  will  be  vis- 
ited to  fill  quotas.  Increasing  the  incidental  mortality 
imposed  on  clams  that  remain  after  dredging  resulted 
in  a larger  percentage  of  simulations  with  significantly 
fewer  10'  squares  fished  during  the  year.  Increased  in- 
cidental mortality  also  caused  larger  percent  decreases 
in  the  number  of  10'  squares  visited  under  alternative 
management. 

Distance  traveled  per  fishing  trip  In  an  average  of  24% 
(range:  11-33%;  Table  3)  of  3-year  closure  simulations, 
the  distance  traveled  to  the  fishing  ground  increased 
significantly,  with  an  average  increase  in  distance 
over  all  simulations  of  3%  (Fig.  7,  Table  4).  The  5-year 
closure  duration  also  resulted  in  an  average  increase 
in  distance  traveled  of  3%  (Fig.  7,  Table  4),  but  47% 
(range:  44-56%;  Table  3)  of  simulations  showed  signifi- 
cantly increased  distance  traveled  under  area  manage- 
ment. The  7-year  closure  duration  demonstrated  the 
highest  percentage  of  cases  having  significantly  greater 
distances  traveled  (average:  58%;  Table  3).  Accordingly, 
the  7-year  closure  duration  also  resulted  in  the  larg- 
est average  percent  increase  in  distance  traveled  (8%; 
Fig.  7,  Table  4).  As  closure  duration  increases,  some  of 
the  10'  squares  that  are  closed  are  close  to  the  ports; 
the  fishery  would  target  these  otherwise.  Thus  travel 


distance  increases.  A longer  closure  duration  results 
in  more  10'  squares  close  to  the  ports  being  closed: 
distance  traveled  must  increase  commensurately.  The 
average  percent  increase  in  distance  traveled  was  4% 
(Fig.  7,  Table  4)  for  all  closure  durations.  When  inci- 
dental mortality  imposed  on  clams  that  remain  after 
dredging  was  increased,  the  percentage  of  simulations 
that  had  significantly  greater  distances  traveled  under 
area  management  decreased  (Table  5). 

Closure  location  based  on  rule  2:  the  number  of  small 
clams  per  square  meter 

Stock  density  The  3-year  closure  duration  resulted 
in  an  average  increase  of  4%  in  stock  density  (Fig.  8, 
Table  6),  but  an  average  of  only  36%  (range:  33-44%; 
Table  7 of  simulations  showed  significantly  increased 
stock  density  compared  with  that  under  present-day 
management.  The  5-year  closure  duration  resulted  in 
an  average  increase  in  stock  density  of  4%  (Fig.  8). 
The  5-year  closure  duration  also  had  the  highest  av- 
erage percentage  of  simulations  that  showed  a signifi- 
cant stock  density  increase  compared  to  present-day 
management  (range:  33-67%;  average:  50%;  Table  7). 
The  7-year  closure  duration  resulted  in  a 5%  aver- 
age increase  in  stock  density  (Fig.  8).  On  average,  the 
7-year  closure  duration  showed  significant  increases 
in  stock  density  in  only  39%  (range  0-56%;  Table  7) 
of  the  simulations  in  comparison  with  present-day 
management.  An  increase  in  incidental  mortality  en- 
hances the  effect  of  alternative  management  (Table  8 
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Table  3 

Evaluation  of  model  simulations  in 

which  closure  location  rule  1 

was 

used  to  examine  the 

influence  of  area  management 

on  the  stock  and  commercial  fishery  of  Atlantic  surfclam  ( Spisula  solidissima ) 

in  the  Mid-Atlantic  Bight.  Tabulated  are  the 

proportion  of  simulations  where  metrics  used  to  evaluate  the  Atlantic  surfclam  population  and  commercial  fishery  were 

significantly  greater  under  present-day  management  or 

alternative  management  under  closure  location  rule  1 and  with 

present-day  abundance.  Rule  1 mandates  that  the  cell  with  the  highest  ratio  of  the  number  of  small  clams  to  the  number 

of  market-size  clams  be  closed  each 

year.  There  were  9 simulations  per  percentage.  Any  fraction  over 

0.11  (1  significant  dif- 

ference  out  of  9)  is  unlikely  to  occur  by  chance  (exact  binomial  test:  oc= 

=0.05;  Conover 

, 1980).  Size  of  clams 

is  given 

as  shell 

length  (SL)  in  millimeters,  closure  duration  is  measured  in  years,  and  LPUE  means  ! 

landings  per  unit  of  effort. 

Definition  of  a small  clam 

104  mm 

SL 

93 

mm 

SL 

80  mm  SL 

64  mm  SL 

Closure  duration  (yr) 

3 

5 

7 

3 

5 

7 

3 

5 

7 

3 

5 

7 

Stock  density 

Present  management 

0.44 

0.44 

0.11 

0.11 

0.11 

0.00 

0.22 

0.11 

0.11 

0.33 

0.22 

0.56 

Alternative  management 

Number  of  clams  per  bushel 

0.44 

0.33 

0.56 

0.44 

0.67 

0.44 

0.56 

0.56 

0.44 

0.22 

0.33 

0.33 

Present  management 

0.56 

1.00 

1.00 

0.22 

1.00 

1.00 

0.22 

1.00 

1.00 

0.22 

1.00 

1.00 

Alternative  management 

LPUE 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Present  management 

0.00 

0.11 

0.11 

0.00 

0.00 

0.11 

0.11 

0.00 

0.11 

0.00 

0.00 

0.44 

Alternative  management 

Number  of  10'  squares  fished 

0.44 

0.33 

0.56 

0.67 

0.56 

0.44 

0.78 

0.78 

0.33 

0.56 

0.89 

0.44 

Present  management 

0.44 

0.56 

0.67 

0.33 

0.44 

0.56 

0.44 

0.56 

0.44 

0.44 

0.44 

0.56 

Alternative  management 

Total  distance  traveled 

0.22 

0.00 

0.11 

0.11 

0.00 

0.00 

0.11 

0.00 

0.00 

0.33 

0.00 

0.00 

Present  management 

0.11 

0.00 

0.00 

0.11 

0.00 

0.00 

0.00 

0.11 

0.00 

0.11 

0.00 

0.00 

Alternative  management 

0.33 

0.56 

0.78 

0.11 

0.44 

0.67 

0.33 

0.44 

0.44 

0.22 

0.44 

0.44 

resulting  in  average  stock  density  increases  of  7-8% 
over  the  range  of  closure  durations  and  definitions  of 
a small  clam. 

Number  of  clams  per  bushel  As  the  closure  dura- 
tion increased,  the  catch  contained  fewer  clams  per 
bushel;  however,  this  effect  did  not  vary  significantly 
with  a change  in  the  definition  of  a small  clam.  The 
percentage  of  simulations  that  showed  significantly 
more  clams  per  bushel  under  present-day  management 
reached  the  highest  average  of  97%  (range:  89-100%; 
Table  7)  for  7-year  closure  durations.  With  a 7-year  clo- 
sure duration,  the  number  of  clams  per  bushel  was  3% 
higher  under  present-day  management  (Fig.  8,  Table 
6).  The  trend  of  fewer  clams  per  bushel  in  area  man- 
agement options  was  muted  by  an  increase  in  inciden- 
tal mortality.  Fewer  simulations  had  significantly  more 
clams  per  bushel  under  present-day  management.  The 
number  of  clams  per  bushel  averaged  4%  higher  under 
present-day  management  than  under  the  7-year  clo- 
sure duration. 

Landings  per  unit  of  effort  All  of  the  examined  closure 
durations  resulted  in  average  increases  of  8%  in  LPUE 
(Fig.  8,  Table  6).  The  3-year  closure  duration  resulted 


in  an  increase  in  LPUE  in  an  average  of  64%  of  simu- 
lations (range:  56-89%;  Table  7)  when  compared  with 
LPUE  under  present-day  management.  The  5-year  clo- 
sure duration  showed  significantly  enhanced  LPUE 
in  an  average  of  56%  of  simulations  and  resulted  in 
significant  increases  in  LPUE  in  an  average  of  64%  of 
simulations  (range:  44-78%;  Table  7)  when  compared 
with  LPUE  under  present-day  management.  The  7-year 
closure  duration  resulted  in  the  least  number  of  simu- 
lations having  significantly  increased  LPUE  (average: 
42%;  range:  22-67%;  Table  7).  The  longest  closure  hav- 
ing the  least  amount  of  simulations  with  significantly 
improved  LPUE  might  be  attributed  to  the  locations  of 
closure.  A closure  based  on  the  number  of  small  clams 
per  square  meter  might  result  in  closure  of  some  10' 
squares  with  the  most  total  clams  (i.e.,  small  and  mar- 
ket-size clams).  As  the  closure  duration  increases,  more 
10'  squares  are  closed  at  a time.  With  the  7-year  clo- 
sure duration,  more  of  the  10'  squares  with  high  clam 
densities  might  be  closed,  thus  causing  a lower  average 
LPUE. 

Increased  incidental  mortality  resulted  in  fewer 
simulations  having  significantly  increased  LPUE  (Ta- 
ble 8).  However,  of  the  simulations  where  LPUE  was 
significantly  enhanced  by  alternative  management,  the 
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Closure  duration  (years) 
Definition  of  a small  clam  (mm  SL) 


Figure  7 

The  proportion  of  change  in  performance  metrics  used  to  evaluate  the  effect  of  clo- 
sure location  rule  1 on  the  Atlantic  surfclam  ( Spisula  solidissima ) population  and 
commercial  fishery  in  the  Mid-Atlantic  Bight.  The  effect  is  averaged  for  all  simula- 
tions where  a significant  difference  between  present-day  and  alternative  manage- 
ment exists  (see  Table  3 for  the  fraction  of  total  simulations  used  to  generate  each 
bar  value  and  Table  7 for  summary  statistics).  Rule  1 mandates  that  the  cell  with 
the  highest  ratio  of  the  number  of  small  clams  to  the  number  of  market-size  clams 
be  closed  each  year.  Bars  in  the  positive  region  represent  proportional  differences 
for  simulations  favoring  alternative  management.  Proportional  differences  under 
present-day  management  represent  simulations  favoring  present-day  management 
and  are  represented  as  negative  values  for  clarity.  The  metric  of  landings  per  unit  of 
effort  (LPUE)  is  the  number  of  bushels  per  hour,  and  definitions  of  a small  clam  are 
given  as  shell  length  (SL)  in  millimeters. 
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Table  4 

Summary  statistics  for  the  average  proportion  of  change  (shown  in  Fig.  7)  in  performance  metrics  used  to  evaluate  the  ef- 
fect of  closure  location  rule  1 on  the  Atlantic  surfclam  ( Spisula  solidissima ) population  and  on  the  commercial  fishery  in 
the  Mid-Atlantic  Bight.  Rule  1 mandates  that  the  cell  with  the  highest  ratio  of  the  number  of  small  clams  to  the  number  of 
market-size  clams  be  closed  each  year.  Size  of  clams  is  given  as  shell  length  (SL)  in  millimeters,  closure  duration  is  measured 
in  years,  and  LPUE  means  landings  per  unit  effort.  N is  the  number  of  simulations  where  a significant  difference  exists 
between  the  performance  metric  under  present-day  or  alternative  management  at  present-day  abundance.  The  maximum 
iVis  9. 

Definition  of  a small  clam 

104  mm  SL 

93 

mm 

SL 

80  mm  SL 

64  mm 

SL 

Closure  duration  (yr) 

3 

5 

7 

3 

5 

7 

3 

5 

7 

3 

5 

7 

Stock  density 

Present  management 

N 

4 

4 

1 

2 

1 

0 

2 

1 

1 

3 

2 

5 

X2 

0.04 

0.05 

0.10 

0.04 

0.05 

- 

0.08 

0.02 

0.01 

0.05 

0.03 

0.04 

Min 

0.01 

0.02 

- 

0.04 

- 

- 

0.07 

- 

- 

0.04 

0.03 

0.02 

Max 

0.08 

0.08 

- 

0.05 

- 

- 

0.08 

- 

- 

0.05 

0.04 

0.06 

Alternative  management 

N 

4 

3 

6 

3 

6 

4 

5 

5 

4 

2 

3 

3 

X2 

0.04 

0.03 

0.06 

0.06 

0.04 

0.08 

0.04 

0.04 

0.09 

0.10 

0.04 

0.06 

Min 

0.02 

0.02 

0.04 

0.03 

0.02 

0.03 

0.02 

0.02 

0.04 

0.03 

0.03 

0.05 

Max 

0.07 

0.05 

0.09 

0.08 

0.10 

0.12 

0.08 

0.10 

0.14 

0.17 

0.05 

0.06 

Number  of  clams  per  bushel 

Present  management 

N 

5 

9 

9 

2 

9 

9 

2 

9 

9 

2 

9 

9 

X2 

0.01 

0.03 

0.04 

0.01 

0.03 

0.04 

0.01 

0.02 

0.04 

0.01 

0.01 

0.03 

Min 

0.01 

0.02 

0.03 

0.01 

0.02 

0.03 

0.01 

0.01 

0.03 

0.01 

0.01 

0.02 

Max 

0.02 

0.04 

0.07 

0.01 

0.04 

0.06 

0.01 

0.03 

0.06 

0.01 

0.02 

0.05 

Alternative  management 

N 

v2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

X 

Min 

Max 

LPUE 

Present  management 

N 

0 

1 

1 

0 

0 

1 

0 

1 

1 

0 

0 

1 

X2 

- 

0.04 

0.05 

- 

- 

0.02 

- 

0.05 

0.04 

- 

- 

0.02 

Min 

- 

Max 

Alternative  management 

N 

4 

3 

5 

6 

7 

4 

7 

7 

3 

5 

8 

4 

X2 

0.06 

0.05 

0.06 

0.07 

0.08 

0.12 

0.05 

0.08 

0.12 

0.07 

0.07 

0.09 

Min 

0.02 

0.04 

0.04 

0.04 

0.03 

0.06 

0.02 

0.05 

0.09 

0.02 

0.02 

0.06 

Max 

0.07 

0.06 

0.10 

0.20 

0.16 

0.21 

0.14 

0.13 

0.17 

0.18 

0.11 

0.15 

Number  of  10'  squares  fished 

Present  management 

N 

4 

5 

6 

3 

4 

5 

4 

5 

4 

4 

4 

5 

X2 

0.03 

0.04 

0.07 

0.03 

0.04 

0.06 

0.03 

0.05 

0.06 

0.04 

0.04 

0.07 

Min 

0.02 

0.02 

0.05 

0.02 

0.04 

0.05 

0.02 

0.02 

0.03 

0.02 

0.04 

0.05 

Max 

0.05 

0.06 

0.09 

0.03 

0.05 

0.08 

0.04 

0.08 

0.09 

0.10 

0.05 

0.10 

Alternative  management 

N 

2 

0 

1 

1 

0 

0 

1 

0 

0 

3 

0 

0 

X2 

0.04 

- 

0.08 

0.06 

- 

- 

0.06 

- 

- 

0.07 

- 

- 

Min 

0.04 

- 

- 

- 

- 

- 

- 

- 

- 

0.05 

- 

- 

Max 

0.06 

- 

- 

- 

- 

- 

- 

- 

- 

0.09 

- 

- 

Total  distance  traveled 

Present  management 

N 

1 

0 

0 

1 

0 

0 

0 

1 

0 

1 

0 

0 

X2 

0.03 

- 

- 

0.03 

- 

- 

- 

0.03 

- 

0.05 

- 

- 

Min 

- 

Max 

Alternative  management 

N 

3 

5 

7 

1 

4 

6 

3 

4 

4 

2 

4 

4 

X2 

0.03 

0.04 

0.04 

0.04 

0.04 

0.05 

0.04 

0.04 

0.05 

0.03 

0.03 

0.05 

Min 

0.03 

0.03 

0.03 

- 

0.02 

0.02 

0.04 

0.02 

0.03 

0.02 

0.02 

0.03 

Max 

0.04 

0.05 

0.07 

- 

0.07 

0.06 

0.05 

0.04 

0.08 

0.03 

0.05 

0.08 
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Table  5 

Evaluation  of  the  model  simulations  in  which  closure  location  rule  1 was  used  to  examine  the  influence  of  increased  inci- 
dental mortality  on  the  stock  and  commercial  fishery  of  Atlantic  surfclam  ( Spisula  solidissima)  in  the  Mid-Atlantic  Bight. 
Tabulated  are  the  proportion  of  simulations  where  metrics  used  to  evaluate  the  Atlantic  surfclam  population  and  the  effect 
of  area  management  on  the  commercial  industry  were  significantly  greater  under  alternative  management  with  0%  or  20% 
incidental  mortality  with  present-day  abundance.  Rule  1 mandates  that  the  cell  with  the  highest  ratio  of  the  number  of 
small  clams  to  the  number  of  market-size  clams  is  closed  each  year.  Number  of  clams  per  bushel  is  not  included  because 
present-day  management  always  has  higher  numbers  of  clams  per  bushel.  There  were  9 simulations  per  percentage.  Any 
fraction  over  0.11  (1  significant  difference  out  of  9)  is  unlikely  to  occur  by  chance  (exact  binomial  test:  a=0.05;  Conover, 
1980).  Size  of  clams  is  given  as  shell  length  (SL)  in  millimeters,  closure  duration  is  measured  in  years,  and  LPUE  means 
landings  per  unit  of  effort. 


Definition  of  a small  clam 

104  mm  SL  93  mm  SL  80  mm  SL  64  mm  SL 

Closure  duration  (yr) 

357357357357 


Stock  density 


0%  incidental  mortality 

0.44 

0.33 

0.56 

0.44 

0.67 

0.44 

0.56 

0.56 

0.44 

0.22 

0.33 

0.33 

20%  incidental  mortality 

0.56 

0.78 

0.78 

0.44 

0.78 

0.78 

0.22 

0.56 

0.67 

0.22 

0.56 

0.56 

LPUE 

0%  incidental  mortality 

0.44 

0.33 

0.56 

0.67 

0.56 

0.44 

0.78 

0.78 

0.33 

0.56 

0.89 

0.44 

20%  incidental  mortality 

0.67 

0.78 

0.56 

0.67 

0.89 

0.78 

0.44 

0.67 

0.56 

0.22 

0.67 

0.78 

Number  of  10'  squares  fished 

0%  incidental  mortality 

0.22 

0.00 

0.11 

0.11 

0.00 

0.00 

0.11 

0.00 

0.00 

0.33 

0.00 

0.00 

20%  incidental  mortality 

0.22 

0.00 

0.11 

0.00 

0.00 

0.11 

0.11 

0.11 

0.11 

0.11 

0.00 

0.00 

Total  distance  traveled 

0%  incidental  mortality 

0.33 

0.56 

0.78 

0.11 

0.44 

0.67 

0.33 

0.44 

0.44 

0.22 

0.44 

0.44 

20%  incidental  mortality 

0.11 

0.33 

0.56 

0.56 

0.22 

0.44 

0.33 

0.44 

0.44 

0.33 

0.22 

0.44 

average  proportion  of  increase  in  LPUE  was  improved. 
The  5-year  closure  duration  showed  the  most  improve- 
ment with  LPUE  increased  by  an  average  of  12%  (com- 
pared with  8%  without  additional  mortality). 

Number  of  10'  squares  fished  As  the  duration  of  a 
closure  increased,  the  percentage  of  simulations  with 
significantly  more  10'  squares  fished  during  the  year 
decreased.  The  average  percentage  of  increase  in  10' 
squares  fished  under  present-day  management  and 
over  all  alternative  management  strategies  was  only 
3%  and  4%  respectively,  however  (Fig.  8,  Table  6).  The 
high  percentage  of  simulations  that  showed  no  signifi- 
cant difference  between  present-day  and  any  closure 
duration  (66%,  75%,  and  59%  for  the  3-,  5-,  and  7-year 
closure  durations;  Table  7),  accompanied  by  the  small 
percent  changes,  indicate  little  effect  of  any  alternative 
management  strategy  in  changing  the  number  of  10' 
squares  visited  during  fishing.  As  incidental  mortality 
increased,  slightly  fewer  10'  are  visited  with  increas- 
ing closure  duration  (Table  8).  The  percentage  of  cases 
where  significantly  fewer  10'  squares  were  visited  un- 
der alternative  management  increased;  however,  the 
average  percentage  of  increases  of  10'  squares  visited 
under  present-day  or  alternative  management  were 
still  5%  or  less  (Fig.  8,  Table  6). 


Distance  traveled  per  fishing  trip  The  distance  traveled 
per  fishing  trip  increased  significantly  in  94%  of  simu- 
lations for  the  3-year  closure  duration  and  in  90%  of 
simulations  for  the  5-  and  7-year  closure  durations  (Ta- 
ble 7).  The  average  percent  increase  for  each  of  the  clo- 
sure durations  was  only  5%,  however  (Fig.  8,  Table  6). 
An  increase  in  incidental  mortality  resulted  in  a lower 
percentage  of  simulations  with  increased  distance  trav- 
eled during  fishing  trips  (averages  of  41%,  61%,  and 
64%  for  the  3-,  5-,  and  7-year  closure  durations;  Table 
8).  The  percentage  of  increase  was  less  than  4%  for  all 
closure  durations. 


Discussion 

Perspective 

The  goal  of  this  study  was  to  use  an  MSE  to  investigate 
possible  options  that  could  enhance  productivity  in  the 
Atlantic  surfclam  stock  without  unjustifiably  limiting 
the  fishery  through  undesirable  economic  impacts.  An 
MSE  allows  an  evaluation  of  alternative  management 
options  on  the  basis  of  performance  metrics  that  are 
understood  by  and  valuable  to  both  stakeholders  and 
fishery  managers.  The  range  contraction  of  Atlantic 
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Closure  duration  (years) 

Definition  of  a small  clam  (mm  SL) 

Figure  8 

The  proportion  of  change  in  performance  metrics  used  to  evaluate  the  effect  of  clo- 
sure location  rule  2 on  the  Atlantic  surfclam  ( Spisula  solidissima ) population  and 
commercial  fishery  in  the  Mid-Atlantic  Bight  averaged  for  all  simulations  where  a 
significant  difference  between  present-day  and  alternative  management  exists  (see 
Table  6 for  the  fraction  of  total  simulations  used  to  generate  each  bar  value  and 
Table  8 for  summary  statistics).  Rule  2 mandates  that  the  cell  with  the  highest 
density  of  small  clams  (number  of  clams  per  square  meter)  be  closed  each  year.  Bars 
in  the  positive  region  represent  proportional  differences  under  alternative  man- 
agement. Proportional  differences  under  present-day  management  are  represented 
in  negative  values  for  clarity.  The  metric  of  landings  per  unit  of  effort  (LPUE)  is 
the  number  of  bushels  per  hour,  and  definitions  of  a small  clam  are  given  as  shell 
length  (SL)  in  millimeters. 
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Table  6 

Summary  statistics  for  average  proportion  of  change  (shown  in  Fig.  8)  in  performance  metrics  used  to  evaluate  the  effect 
of  closure  location  rule  2 on  the  Atlantic  surfclam  ( Spisula  solidissima ) population  and  commercial  fishery.  Size  of  clams  is 
given  as  shell  length  (SL)  in  millimeters,  closure  duration  is  measured  in  years,  and  LPUE  means  landings  per  unit  of  effort. 

N is  the  number  of  simulations  where  a significant  difference  exists  between  the  performance  metric  using  present-day  or 
alternative  management  at  present-day  abundance.  The  maximum  N is  9. 

Definition  of  a small  clam 

104  mm  SL 

93  mm  SL 

80  mm  SL 

64  mm  SL 

Closure  duration  (yr) 

3 

5 

7 

3 

5 

7 

3 

5 

7 

3 

5 

7 

Stock  density 

Present  management 

N 

3 

1 

1 

2 

0 

2 

0 

1 

1 

3 

0 

1 

X2 

0.04 

0.04 

0.03 

0.06 

- 

0.03 

- 

0.04 

0.04 

0.03 

- 

0.05 

Min 

0.03 

- 

- 

0.05 

- 

0.02 

- 

- 

- 

0.01 

- 

- 

Max 

0.04 

- 

- 

0.08 

- 

0.05 

- 

- 

- 

0.04 

- 

- 

Alternative  management 

N 

3 

4 

5 

4 

3 

4 

4 

6 

5 

2 

5 

0 

X2 

0.06 

0.04 

0.05 

0.04 

0.04 

0.07 

0.04 

0.04 

0.02 

0.05 

0.04 

- 

Min 

0.04 

0.02 

0.02 

0.02 

0.02 

0.04 

0.01 

0.01 

0.01 

0.02 

0.03 

- 

Max 

0.07 

0.05 

0.11 

0.08 

0.07 

0.11 

0.06 

0.07 

0.04 

0.09 

0.09 

- 

Number  of  clams  per  bushel 

Present  management 

N 

6 

8 

8 

7 

8 

9 

6 

9 

9 

3 

8 

9 

X2 

0.01 

0.02 

0.03 

0.01 

0.02 

0.03 

0.01 

0.02 

0.03 

0.01 

0.02 

0.03 

Min 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

Max 

0.02 

0.04 

0.05 

0.02 

0.04 

0.05 

0.02 

0.04 

0.05 

0.02 

0.04 

0.05 

Alternative  management 

N 

v2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

X 

Min 

Max 

LPUE 

Present  management 

N 

0 

0 

1 

0 

0 

1 

0 

0 

1 

1 

0 

1 

X2 

- 

- 

0.04 

- 

- 

0.03 

- 

- 

0.03 

0.03 

- 

0.02 

Min 

Max 

Alternative  management 

N 

5 

7 

4 

5 

4 

3 

8 

6 

6 

5 

7 

2 

X2 

0.07 

0.06 

0.08 

0.08 

0.10 

0.12 

0.09 

0.08 

0.06 

0.08 

0.08 

0.06 

Min 

0.02 

0.04 

0.03 

0.04 

0.05 

0.07 

0.03 

0.04 

0.02 

0.03 

0.03 

0.03 

Max 

0.16 

0.09 

0.19 

0.14 

0.20 

0.21 

0.20 

0.18 

0.09 

0.20 

0.20 

0.08 

Number  of  10'  squares  fished 

Present  management 

N 

0 

1 

4 

0 

1 

2 

1 

2 

4 

0 

3 

4 

X2 

- 

0.02 

0.03 

- 

0.02 

0.02 

0.01 

0.05 

0.02 

- 

0.05 

0.02 

Min 

- 

- 

0.01 

- 

- 

0.01 

- 

0.02 

0.01 

- 

0.02 

0.01 

Max 

- 

- 

0.08 

- 

- 

0.04 

- 

0.08 

0.04 

- 

0.07 

0.04 

Alternative  management 

N 

3 

2 

0 

1 

0 

0 

2 

0 

0 

2 

0 

0 

X2 

0.03 

0.04 

- 

0.01 

- 

- 

0.04 

- 

- 

0.04 

- 

- 

Min 

0.01 

0.01 

- 

- 

- 

- 

0.01 

- 

- 

0.01 

- 

- 

Max 

0.06 

0.08 

- 

- 

- 

- 

0.07 

- 

- 

0.06 

- 

- 

Total  distance  traveled 

Present  management 

N 

v2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

X 

Min 

Max 

- 

- 

Alternative  management 

N 

9 

9 

8 

9 

8 

7 

8 

8 

8 

8 

7 

9 

X2 

0.05 

0.05 

0.04 

0.05 

0.04 

0.05 

0.04 

0.05 

0.05 

0.04 

0.04 

0.05 

Min 

0.03 

0.04 

0.02 

0.03 

0.03 

0.03 

0.03 

0.04 

0.02 

0.03 

0.02 

0.03 

Max 

0.07 

0.07 

0.07 

0.07 

0.06 

0.07 

0.07 

0.08 

0.08 

0.08 

0.07 

0.08 
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Table  7 

Evaluation  of  model  simulations  in  which  closure  location  rule  2 was  used  to  examine  the  influence  of  area  management 
on  the  Atlantic  surfclam  ( Spisula  solidissima ) stock  and  commercial  fishery  in  the  Mid-Atlantic  Bight.  Tabulated  are  the 
proportion  of  simulations  where  metrics  used  to  evaluate  the  Atlantic  surfclam  population  and  commercial  fishery  were 
significantly  greater  under  present-day  or  alternative  management  with  closure  location  rule  2 with  present-day  abundance. 
Rule  2 mandates  that  the  cell  with  the  highest  density  of  small  clams  (number  of  clams  per  square  meter)  be  closed  each 
year.  There  were  9 simulations  per  percentage.  Any  fraction  over  0.11  (1  significant  difference  out  of  9)  is  unlikely  to  occur 
by  chance  (exact  binomial  test:  a=0.05;  Conover,  1980).  Size  of  clams  is  given  as  shell  length  (SL)  in  millimeters,  closure 
duration  is  measured  in  years,  and  LPUE  means  landings  per  unit  of  effort. 

Definition  of  a small  clam 

104  mm  SL  93  mm  SL  80  mm  SL  64  mm  SL 

Closure  duration  (yr) 

357357357357 


Stock  density 


Present  management 

0.33 

0.11 

0.11 

0.22 

0.00 

0.22 

0.00 

0.11 

0.11  0.33 

0.00 

0.11 

Alternative  management 

0.33 

0.44 

0.56 

0.44 

0.33 

0.44 

0.44 

0.67 

0.56  0.22 

0.56 

0.00 

Number  of  clams  per  bushel 

Present  management 

0.67 

0.89 

0.89 

0.78 

0.89 

1.00 

0.67 

1.00 

1.00  0.33 

0.89 

1.00 

Alternative  management 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00  0.00 

0.00 

0.00 

LPUE 

Present  management 

0.00 

0.11 

0.11 

0.00 

0.00 

0.11 

0.00 

0.00 

0.11  0.11 

0.00 

0.22 

Alternative  management 

0.56 

0.67 

0.44 

0.56 

0.44 

0.33 

0.89 

0.67 

0.67  0.56 

0.78 

0.22 

Number  of  10'  squares  fished 

Present  management 

0.00 

0.11 

0.44 

0.00 

0.11 

0.22 

0.11 

0.22 

0.44  0.00 

0.33 

0.44 

Alternative  management 

0.67 

0.22 

0.00 

0.11 

0.00 

0.00 

0.22 

0.00 

0.00  0.22 

0.00 

0.11 

Total  distance  traveled 

Present  management 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00  0.00 

0.00 

0.00 

Alternative  management 

1.00 

1.00 

0.89 

1.00 

0.89 

0.78 

0.89 

0.89 

0.89  0.89 

0.78 

1.00 

surfclam  as  a result  of  increasing  bottom  water  tem- 
peratures in  the  MAB  is  understood  by  both  groups 
and  has  implications  not  only  for  the  Atlantic  surfclam 
population  itself  but  also  for  the  commercial  fishery 
supported  by  the  clam  stock  in  this  area.  The  commer- 
cial fishery,  which  historically  extended  as  far  south 
as  northern  Virginia  in  the  MAB,  is  now  concentrated 
off  the  New  Jersey  shore  (Cargnelli  et  aL,  1999;  Ja- 
cobson and  Weinberg1;  NEFSC2).  The  ongoing  increase 
in  fishing  pressure  in  this  region,  as  a consequence  of 
the  range  contraction,  is  already  manifesting  itself  as  a 
reduced  LPUE  and  an  increasing  inability  to  catch  the 
allocated  quota.  Local  overfishing  is  likely  to  occur  as 
consolidation  of  fishing  pressure  in  this  area  increases. 
Barring  modifications  to  the  present-day  management 
plan  or  transfer  of  additional  effort  northeast  to  south- 
ern New  England  and  Georges  Bank,  LPUE  will  likely 
continue  to  decline.  Because  of  the  location  of  process- 
ing plants,  such  a transfer  of  effort  would  be  extremely 
expensive  and  therefore  represents  an  economically 
implausible  option.  The  present-day  management  plan 
offers  no  responsive  option.  The  need  to  improve  the 
condition  of  the  stock  while  allowing  continued  support 
of  the  historical  fishery  is  a major  challenge. 

Area  management,  such  as  temporary  or  permanent 
closures  (Walters,  2000;  Bloomfield  et  aL,  2012;  Cordo- 


va-Lepe et  aL,  2012),  has  proven  to  be  a useful  tool  to 
improve  shellfish  fisheries.  The  inclusion  of  fishermen’s 
behavior  in  area  management  is  essential  because  the 
response  of  the  fishery  to  management  measures  is 
critical  in  the  evaluation  of  preferred  and  realistic  op- 
tions (Hilborn,  1992;  Gillis  et  aL,  1995;  Millischer  and 
Gascuel,  2006;  Link  et  aL,  2011).  Although  this  MSE 
model  (SEFES)  captures  the  essential  components  of  a 
highly  variable  system  (i.e.,  the  Atlantic  surfclam  popu- 
lation and  fishery),  some  assumptions  are  required.  The 
lack  of  knowledge  about  incidental  Atlantic  surfclam 
mortality  as  a result  of  dredging  procedures  requires 
an  assumption  concerning  the  degree  of  its  importance. 
Fishing  gear  also  can  generate  incidental  shell  dam- 
age (Witbaard  and  Klein,  1994;  Gilkinson  et  aL,  2005; 
Vasconcelos  et  aL,  2011)  that,  in  the  case  of  bivalves, 
may  not  be  easily  repaired  (Alexander  and  Dietl,  2001; 
Moschino  et  aL,  2003).  Consequently,  simulations  were 
conducted  for  0%  and  20%  incidental  mortality  of  the 
clams  encountered  but  not  retained  by  the  dredge  with 
the  upper  value  chosen  from  limited  a priori  data.  An- 
other source  of  uncertainty  is  determining  the  annual 
number  and  distribution  of  recruits  across  the  Atlantic 
surfclam  population.  In  order  to  account  for  the  mean 
annual  number  and  distribution  of  recruits,  simula- 
tions included  a range  of  degrees  of  patchiness  in  re- 
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Table  8 

Evaluation  of  model  simulations  in  which  closure  location  rule  2 was  used  to  examine  the  influence  of  increased  incidental 
mortality  on  the  Atlantic  surfclam  ( Spisula  solidissima ) stock  and  commercial  fishery  in  the  Mid-Atlantic  Bight.  Tabulated 
are  the  proportion  of  simulations  where  metrics  used  to  evaluate  the  Atlantic  surfclam  population  and  the  effect  of  area 
management  on  the  commercial  industry  were  significantly  greater  under  alternative  management  with  0%  or  20%  inci- 
dental mortality  using  closure  location  rule  2 with  present-day  abundance.  Rule  2 mandates  that  the  cell  with  the  highest 
density  of  small  clams  (number  of  clams  per  square  meter)  be  closed  each  year.  Number  of  clams  per  bushel  is  not  included 
because  present-day  management  always  has  higher  numbers  of  clams  per  bushel.  There  were  9 simulations  per  percentage. 
Any  fraction  over  0.11  (1  significant  difference  out  of  9)  is  unlikely  to  occur  by  chance  (exact  binomial  test:  a=0.05;  Conover, 
1980).  Size  of  clams  is  given  as  shell  length  (SL)  in  millimeters,  closure  duration  is  measured  in  years,  and  LPUE  means 
landings  per  unit  of  effort. 


Definition  of  a small  clam 

104  mm  SL  93  mm  SL  80  mm  SL  64  mm  SL 

Closure  duration  (yr) 

357357357357 


Stock  density 


0%  incidental  mortality 

0.33 

0.44 

0.56 

0.44 

0.33 

0.44 

0.44 

0.67 

0.56 

0.22 

0.56 

0.00 

20%  incidental  mortality 

0.22 

0.33 

0.44 

0.56 

0.22 

0.44 

0.44 

0.56 

0.56 

0.22 

0.44 

0.22 

LPUE 

0%  incidental  mortality 

0.56 

0.67 

0.44 

0.56 

0.44 

0.33 

0.89 

0.67 

0.67 

0.56 

0.78 

0.22 

20%  incidental  mortality 

0.44 

0.44 

0.33 

0.67 

0.22 

0.44 

0.67 

0.67 

0.56 

0.33 

0.56 

0.44 

Number  of  10'  squares  fished 

0%  incidental  mortality 

0.67 

0.22 

0.00 

0.11 

0.00 

0.00 

0.22 

0.00 

0.00 

0.22 

0.00 

0.11 

20%  incidental  mortality 

0.22 

0.00 

0.00 

0.11 

0.00 

0.00 

0.22 

0.00 

0.00 

0.11 

0.11 

0.00 

Total  distance  traveled 

0%  incidental  mortality 

1.00 

1.00 

0.89 

1.00 

0.89 

0.78 

0.89 

0.89 

0.89 

0.89 

0.78 

1.00 

20%  incidental  mortality 

0.44 

0.67 

0.67 

0.33 

0.67 

0.56 

0.22 

0.56 

0.67 

0.67 

0.56 

0.67 

cruitment.  A net  downcoast  drift  of  larvae  previously 
identified  in  larval  dispersion  studies  was  not  included 
because  postsettlement  mortality  appears  to  have  a 
much  larger  effect  on  patchiness  (Zhang  et  al.,  2015, 
2016):  postsettlement  mortality  was  incorporated  into 
the  model  as  patchy  recruitment.  Additional  assump- 
tions were  made  regarding  the  influence  of  climate 
change  on  the  stock  and  commercial  fishery  over  the 
simulated  timespan  of  fishing  years  used  to  compare 
performance  metrics  (76  years).  Climate  change  will 
likely  continue  over  the  next  76  years  (Scavia  et  al., 
2002;  Feely  et  al.,  2009);  it  follows  that  changes  in  the 
population  dynamics  and  range  of  the  Atlantic  surfclam 
also  will  occur  (e.g.,  Munroe  et  al.,  2016).  The  extent  to 
which  climate  change  will  influence  the  Atlantic  surf- 
clam stock  is  impossible  to  assess;  therefore,  the  set  of 
simulations  used  in  this  study  does  not  include  antici- 
pated future  conditions.  Even  if  the  geographic  range 
of  clams  was  to  change  over  the  coming  76  years,  the 
outcomes  of  area  management  discussed  here  rely  pri- 
marily on  a constant  ambit  of  physiological  responses 
by  the  Atlantic  surfclam  within  its  habitable  range  and 
on  the  recognition  that  the  Atlantic  surfclam  fishery 
has  a limited  ambit  to  adapt  to  changes  in  Atlantic 
surfclam  density,  whether  that  density  increases  or 
declines  (Powell  et  al.,  2016).  Additionally,  realistically 


predicting  the  improvement  in  vessel  technology  and 
its  influence  on  a captain’s  skill  and  vessel  economics 
is  totally  speculative.  It  may  be  assumed  that  devel- 
opments will  occur  that  increase  vessel  and  harvest 
efficiency  (i.e.,  become  more  fuel  efficient,  provide  im- 
proved onboard  refrigeration);  however,  unlike  the  gear 
of  many  fisheries,  the  efficiency  of  hydraulic  dredges  is 
already  near  80%  on  good  fishing  grounds,  so  that  sub- 
stantial improvements  in  catch  efficiency  are  unlikely. 
The  extent  to  which  these  developments  will  affect  the 
stock  and  commercial  industry  over  a 76-year  time 
span  is  unquantifiable,  but  such  changes  are  unlikely 
to  drastically  change  the  outcome  of  area  management 
as  simulated  in  this  study,  because  these  outcomes  are 
primarily  influenced  by  varying  fishing  pressure  across 
the  stock  under  a defined  FMP  quota  cap.  The  area 
management  options  presented  in  this  study  could  be 
implemented  long  before  major  changes  in  the  fleet  con- 
figuration could  take  place.  For  this  reason,  changes  in 
boat  characteristics  and  the  skill  of  captains  are  held 
constant  over  the  76-year  period  of  simulation. 

Influence  of  area  management  on  Atlantic  surfclam  stock 

Performance  metrics  used  to  evaluate  the  influence  of 
area  management  on  the  MAB  Atlantic  surfclam  stock 
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Table  9 

Summary  of  alternative  management  strategies  for  determining  the  management  option  that  offers 
benefits  to  both  the  stock  and  commercial  fishery  of  the  Atlantic  surfclam  ( Spisula  solidissima ) in  the 
Mid-Atlantic  Bight.  Plus  signs  indicate  the  management  strategy  (either  present-day  or  area  manage- 
ment through  closures)  that  resulted  in  the  highest  values  of  performance  metrics.  In  situations  where 
equivalent  proportions  of  simulations  resulted  in  increases,  a plus  sign  is  given  to  both  strategies  (i.e., 
landings  per  unit  of  effort). 


Rule  1 

(ratio  of  the  number 

Rule  2 

Present-day 

of  small  clams  to 

(number  of  small 

Performance  metric 

management 

market-size  clams) 

clams/m2) 

Stock  density  (number  of  clams/m2) 
Number  of  clams  per  bushel 

+ 

+ 

Landings  per  unit  of  effort  (bushels/h) 
Number  of  10'  squares  fished 

+ 

+ 

+ 

Total  distance  traveled  (km) 

+ 

are  1)  the  whole-stock  density  of  clams  recruited  to  the 
fishery  (i.e.,  clams  >120  mm  SL),  and  the  2)  number 
of  clams  per  bushel.  Simulations  suggest  that  imple- 
mentation of  closure  location  rule  1 offers  greater  im- 
provement to  the  stock,  as  measured  by  an  increase 
in  whole-stock  density  or  a decrease  in  the  number  of 
clams  per  bushel  due  to  an  increase  in  clam  size,  in 
comparison  with  implementation  of  closure  location 
rule  2 (Table  9).  That  is,  closing  a 10'  square  on  the 
basis  of  the  proportional  abundance  of  small  clams  of- 
fers improved  outcomes  in  comparison  with  the  same 
choice  that  is  based  on  the  density  of  small  clams.  The 
stock  density  showed  a 4-7%  increase  under  closure 
location  rule  1.  To  put  these  values  in  perspective,  the 
increase  is  more  than  double  the  fraction  of  the  stock 
removed  by  the  fishery  in  a given  year  over  the  entire 
stock  and  is  very  near  the  exploitation  rate  for  the  area 
of  highest  exploitation,  offshore  New  Jersey. 

Tracking  the  number  of  clams  per  bushel  also  is 
one  way  to  evaluate  the  status  of  the  stock.  A thriv- 
ing stock  will  have  larger  clams  and  consequently  the 
fishery  will  require  fewer  clams  to  fill  a bushel.  That 
is,  landing  larger  clams  results  in  fewer  individuals 
being  removed  from  the  population  under  a specified 
quota,  thus  conserving  stock  density.  One  of  the  critical 
characteristics  of  the  Atlantic  surfclam  fishery  is  that 
fishing  economics  and  fishery  management  are  speci- 
fied in  terms  of  volume,  whereas  the  stock  itself  is  best 
defined  in  terms  of  number  of  individuals.  The  number 
of  clams  per  bushel  is  significantly  lower  under  area 
management  in  an  average  31%  of  3-year  closure  dura- 
tion simulations  and  100%  of  the  5-  and  7-year  closure 
duration  simulations,  regardless  of  the  definition  of  a 
small  clam.  An  increase  of  4%  in  the  number  of  clams 
required  to  fill  a bushel  under  present-day  management 
equates  to  an  excess  of  about  3 clams  per  bushel  when 
compared  with  alternative  management.  Three  fewer 
clams  per  bushel  translates  to  around  1 less  bushel 
being  required  to  fill  a cage  (32  bushels=l  cage).  Annu- 


ally, the  equivalent  of  approximately  4557  cages  would 
therefore  remain  in  the  fishable  stock  because  these 
animals  would  not  be  needed  to  fill  the  quota  during 
fishing  trips.  About  81  extra  trips  of  a boat  capable  of 
carrying  56  cages  would  be  supported.  Alternatively, 
these  clams  increase  whole-stock  density. 

Influence  of  area  management  on  the  commercial  fishery 

Performance  metrics  used  to  evaluate  the  influence  of 
area  management  on  the  Atlantic  surfclam  fishery  are 
LPUE,  the  number  of  10'  squares  visited  yearly,  and 
the  total  distance  traveled  by  the  fishing  vessel.  Clo- 
sure location  rule  1 results  in  greater  opportunities  for 
the  commercial  fishery  (Table  9).  LPUE  is  increased 
significantly  over  all  definitions  of  a small  clam  in  an 
average  of  61%,  64%,  and  44%  of  simulations  for  the 
3-,  5-,  and  7-year  closures  respectively  (Table  3).  The 
greatest  percent  increase  in  LPUE  under  closure  loca- 
tion rule  1 produced  enough  time  saved  at  sea  to  enable 
transit  for  an  additional  16.7  km  (9  nautical  miles),  or 
the  addition  of  one  10'  square  in  any  direction  from  the 
port,  increasing  the  fishable  area  under  the  dock-to- 
dock  time  constraint  imposed  by  the  rate  of  spoilage  of 
clams  on  deck.  With  an  increase  in  incidental  mortality, 
the  extra  time  saved  by  an  increase  of  15%  in  LPUE 
would  allow  the  boats  to  travel  to  2 additional  10' 
squares  in  the  same  amount  of  time  (approximately  36 
h from  the  start  of  fishing  to  the  landing  of  the  clams 
during  the  warmer  months  of  the  year).  A 6%  increase 
in  LPUE  would  result  in  a boat  that  is  capable  of  car- 
rying 56  cages  filling  all  cages  about  2 h faster  per 
trip,  thus  permitting  more  transit  time  to  fish  farther 
from  home  port — 37.0  km  (20  nautical  miles)  for  most 
vessels  steaming  at  5 m/s  (10  kn),  under  the  36-h  time 
constraint.  A 15%  increase  in  LPUE  would  equate  to  a 
reduction  of  5 h of  fishing  time  per  trip.  As  fuel  use  is 
highest  while  fishing  (both  the  main  engine  and  water 
pump  are  running),  any  increase  in  LPUE  exerts  an 
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important  economic  gain  in  reducing  the  cost  of  fuel 
relative  to  the  value  of  the  landed  clams. 

The  number  of  10'  squares  visited  during  fishing 
increases  significantly  in  an  average  of  7%  of  simu- 
lations over  all  closure  durations  and  definitions  of  a 
small  clam  in  comparison  with  an  average  of  49%  of 
simulations  under  present-day  management.  A reduc- 
tion in  the  number  of  10'  squares  visited  suggests  that 
captains  (who  choose  a fishing  location  on  the  basis  of 
highest  catch  rate,  but  who  are  limited  in  the  sum- 
mer by  the  36-h  time  constraint)  target  the  recently 
opened  10'  squares.  The  distance  traveled  during  fish- 
ing also  increases  significantly  in  up  to  58%  of  simula- 
tions. An  increase  in  distance  traveled  occurs  in  some 
cases  because  the  closed  10'  squares  are  close  to  the 
home  ports  and  require  that  captains  steam  farther 
away  from  port  to  fish.  In  addition,  some  of  the  10' 
squares  recently  opened  are  farther  from  home  port, 
but  the  higher  LPUE  makes  travel  to  them  economi- 
cally advantageous.  Reduced  distance  is  often  preferred 
because  reduced  steaming  time  reduces  operational 
costs,  thus  increasing  profit  margins,  unless  the  addi- 
tional cost  of  steaming  is  compensated  by  a reduction 
in  other  trip  costs.  This  would  be  the  case  if  LPUE  also 
increases,  as  it  does  in  these  simulations.  If  a vessel 
steams  for  8 h at  a speed  of  5 m/s,  a 4%  increase  in 
distance  traveled  would  result  in  approximately  an  ad- 
ditional 7.4  km  (4  nautical  miles),  which  would  allow 
fishing  of  1 additional  10'  square  away  from  home  port 
without  substantial  additional  costs  if  that  10'  square 
yielded  a higher  LPUE. 

Influence  of  control  rules 

The  criterion  used  to  select  a closure  location  is  im- 
portant for  the  success  of  management  in  offering  en- 
hanced stock  densities  and  additional  economic  oppor- 
tunity to  the  industry.  Two  closure  location  rules  were 
investigated  that  represent  end-members  [extreme  op- 
tions] of  a range  of  choices  for  a control  rule;  one  places 
importance  on  the  number  of  small  clams  in  relation 
to  the  number  of  market-size  clams  (rule  1)  and  the 
other  places  importance  on  the  density  of  small  clams 
in  an  area  (rule  2).  Optimizing  area  management  would 
require  evaluation  of  the  influence  of  combined  rules, 
such  as  the  10'  square  with  the  highest  density  of 
small  clams  among  the  25%  of  10'  squares  with  the 
highest  proportion  of  small  clams.  A comparison  of  the 
end-member  options,  however,  shows  that  stock  density 
increased  in  a higher  percentage  of  simulations  under 
closure  location  rule  1,  the  proportional  rule,  in  com- 
parison with  closure  location  rule  2 and  present-day 
management.  Average  percent  increases  in  stock  densi- 
ty are  also  higher  under  closure  location  rule  1.  Accord- 
ingly, an  increase  in  stock  density  is  seen  when  the  10' 
square  with  the  greatest  number  of  small  clams  in  com- 
parison with  the  number  of  market-size  clams  is  closed 
to  fishing  for  some  duration  of  years.  Both  closure  loca- 
tion rules  resulted  in  an  average  of  64%  of  simulations 
having  increased  LPUE  when  compared  with  present- 


day  management  (i.e.,  no  closures).  A higher  average 
percentage  of  increase  resulted  with  closure  location 
rule  2.  However,  closure  location  rule  1 resulted  in  an 
increase  in  LPUE  as  the  closure  duration  increased,  as 
opposed  to  a gradual  decline  seen  when  using  closure 
location  rule  2.  An  increase  in  LPUE  when  high  impor- 
tance is  placed  on  the  presence  of  small  clams  suggests 
that  protecting  small  clams  is  a key  factor  in  offering 
more  economic  opportunity  to  the  fishing  industry. 

When  the  choice  of  closure  location  is  based  on  the 
ratio  of  the  number  of  small  clams  to  the  number  of 
market-size  clams  (rule  1),  the  percentage  of  simula- 
tions where  fewer  10'  squares  were  fished  was  much 
higher.  This  result  suggests  that  these  10'  squares  re- 
tain high  catch  rates  longer  under  closure  location  rule 
1.  When  the  closure  location  is  based  on  rule  1,  transit 
distance  was  increased  in  substantially  fewer  simu- 
lations in  comparison  with  closure  location  based  on 
closure  location  rule  2 or  present-day  management.  A 
decrease  in  distance  traveled  in  a comparison  of  closure 
location  rules  1 and  2 suggests  that  when  importance 
is  placed  on  the  ratio  of  the  number  of  small  clams  to 
the  number  of  market-size  clams,  even  though  the  10' 
squares  closed  may  be  near  home  ports,  once  open  they 
provide  improved  catch  rates  more  often  than  if  the 
location  of  the  closed  10'  square  was  selected  on  the 
basis  of  abundance  of  small  clams  alone.  This  outcome 
is  consistent  with  the  more  persistent  targeting  of  these 
10'  squares  under  closure  location  rule  1. 

The  average  percent  increase  in  the  number  of  clams 
per  bushel — a metric  directly  related  to  the  size  of  land- 
ed clams — is  essentially  equal  for  both  closure  location 
rules.  Because  some  of  the  performance  metrics  (e.g., 
number  of  clams  per  bushel)  showed  little  difference 
between  the  2 closure  rules,  a third  option  of  combining 
the  2 rules  might  offer  additional  benefits  for  the  com- 
mercial fishery.  However,  on  the  basis  of  the  percentage 
of  simulations  that  indicated  improvement  of  the  stock 
and  the  margins  of  increase,  the  5-year  closure  dura- 
tion under  closure  location  rule  1,  which  relies  on  the 
proportion  of  small  clams  to  identify  a 10'  square  to 
close,  offers  the  most  benefit  for  the  stock  and  therefore 
is  identified  as  the  preferred  option.  Of  greatest  impor- 
tance is  the  increase  in  whole-stock  density  that  occurs 
while  landings  are  retained  near  levels  of  the  present 
day.  In  addition,  based  on  the  percentage  of  simulations 
that  indicate  additional  economic  opportunities  offered 
to  the  commercial  fishery,  the  5-year  closure  duration 
under  closure  location  rale  1 offers  the  most  benefit  to 
the  stock  and  thus  again  is  identified  as  the  preferred 
option. 

Influence  of  incidental  mortality 

Little  information  exists  about  the  incidental  mor- 
tality of  clams  encountered  by  the  dredge  but  that 
remain  on  the  seafloor.  NEFSC2  assumes  12%  in- 
cidental mortality,  but  this  assumption  is  based  on 
very  little  data  and  primarily  on  the  outcome  for 
market-size  clams  (Meyer  et  ah,  1981),  few  of  which 
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remain  uncaught  with  modern  high-performance  hy- 
draulic dredges  (Hennen  et  aL,  2012;  NEFSC2).  The 
fate  of  small  clams  is  effectively  unknown.  Therefore, 
we  investigated  the  effect  of  area  management  under 
the  assumption  of  0%  and  20%  incidental  mortality. 
Pairwise  comparisons  of  the  present-day  management 
simulation  under  the  assumption  of  increased  inci- 
dental mortality  with  simulations  implementing  area 
management  options,  also  with  increased  incidental 
mortality,  produced  performance  metrics  that  were 
then  compared  with  the  performance  metrics  with  0% 
mortality.  Additional  mortality  enhanced  the  positive 
effect  of  area  management  in  most  situations  under 
closure  location  rule  1.  The  percentage  of  simulations 
with  enhanced  performance  metrics  under  area  man- 
agement was  greater  with  increased  incidental  mor- 
tality. Also,  the  average  percent  increase  across  all 
metrics  was  enhanced.  In  most  simulations  with  the 
use  of  closure  location  rule  2,  increased  incidental 
mortality  had  little  effect  on  the  percentage  of  simu- 
lations with  improved  performance  metrics.  The  most 
notable  difference  in  the  percentage  of  simulations 
with  improved  performance  metrics  in  comparisons  of 
the  2 levels  of  incidental  mortality  is  seen  in  the  total 
distance  traveled.  A larger  percentage  of  simulations 
with  increased  distance  traveled  is  seen  with  0%  in- 
cidental mortality  in  contrast  with  simulations  with 
20%  incidental  mortality.  A large  effect  of  incidental 
mortality  with  the  use  of  closure  location  rule  1 and  a 
small  effect  with  closure  location  rule  2 suggests  that 
a combination  of  the  2 closure  location  rules  could  of- 
fer some  clarity  for  determining  the  real  effect  of  in- 
creased incidental  mortality. 

The  enhancement  of  the  effect  of  area  management 
at  increased  levels  of  incidental  mortality  can  be  at- 
tributed to  the  protection  of  clams  in  closed  areas.  The 
effect  of  area  management  is  enhanced  because  10' 
squares  with  high  clam  abundances  (regardless  of  the 
closure  rule)  are  protected,  and  thus  fewer  are  removed 
from  the  stock  as  a result  of  incidental  mortality.  When 
incidental  mortality  is  increased  from  0%  to  20%,  mor- 
tality is  increased  in  areas  that  are  fished;  however, 
in  the  closed  areas,  this  mortality  is  not  occurring  and 
these  regions  have  the  highest  number  of  clams  that 
would  be  subject  to  this  source  of  mortality. 

Preferred  management  options 

The  importance  of  the  presence  and  abundance  of 
small  clams  becomes  apparent  upon  examining  the 
performance  metrics  that  suggest  improvement  over 
present-day  management.  Of  the  2 closure  location 
rules,  the  rule  that  places  importance  on  a population 
dominated  by  small  clams  (rule  1)  produces  a greater 
increase  in  simulated  stock  abundance  and  LPUE  over 
time  in  comparison  with  a a location  closed  on  the  ba- 
sis of  the  density  of  small  clams  (rule  2).  An  increase  in 
the  percentage  of  simulations  where  fewer  10'  squares 
are  fished  occurs  because  the  closed  10'  squares  pro- 
duce higher  catch  rates  once  open  than  the  10'  squares 


that  are  not  closed.  An  increase  in  the  distance  trav- 
eled during  fishing  trips  is  also  seen,  some  of  which 
results  from  closed  10'  squares  being  close  to  home 
ports  and  some  of  which  stems  from  the  favorable  (i.e., 
higher)  LPUEs  in  recently  opened  10'  squares  farther 
from  port.  No  obvious  difference  is  seen  between  the 
2 closure  location  rules  for  the  size  of  landed  clams 
(i.e.,  the  number  of  clams  per  bushel).  This  difference 
between  area  management  and  present-day  manage- 
ment in  the  size  of  clams  landed  is  nonetheless  of  great 
importance  because  the  lower  fishing  mortality  rate  in- 
creases survivorship  of  large  clams  and  contributes  to 
the  increase  in  whole-stock  density  routinely  observed 
in  area  management  simulations,  directly  and  through 
an  increase  in  spawning  stock  biomass. 

Simulations  indicate  that  the  5-year  closure  du- 
ration derives  the  largest  benefits  for  the  stock  and 
also  the  commercial  fishing  industry.  Although  aver- 
age percent  increases  in  stock  density  and  LPUE  are 
greater  when  closure  duration  is  longer,  the  percentage 
of  simulations  showing  improvement  over  present-day 
management  is  greatest  with  the  5-year  closure  du- 
ration. Based  on  the  overall  improvements  in  perfor- 
mance metrics  seen  with  closure  location  rule  1 and 
the  5-year  closure  duration  simulations,  the  preferred 
option  that  simultaneously  offers  additional  opportuni- 
ties for  growth  of  the  stock  and  improvements  to  the 
commercial  fishery  is  to  close  areas  specified  by  closure 
location  rule  1 for  5 years.  Future  research  into  area 
management  options  should  include  an  investigation  of 
an  intermediate  closure  rule  or  a combination  of  clo- 
sure rules.  Nonetheless,  the  results  of  these  analyses 
strongly  suggest  that  both  the  Atlantic  surfciam  stock 
and  fishery  would  experience  a positive  change  by  the 
inclusion  of  an  area  management  program  in  the  MAB 
region. 
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Abstract- — -Collecting  age-composi- 
tion data  is  a critical  aspect  of  stock 
assessment;  however,  there  are  no 
biological  or  statistical  investiga- 
tions that  support  optimization 
of  the  distribution  of  sample  size 
across  species.  Sample  sizes  for  both 
collection  and  age-reading  are  often 
set  by  using  ad  hoc  or  historical  val- 
ues. Investigations  into  quantifying 
the  trade-offs  when  allocating  sam- 
ple sizes  across  species  are  needed 
because  resources  for  age  determina- 
tion are  always  limited.  In  this  study 
we  performed  analyses  to  investigate 
the  distribution  of  sample  sizes  to 
determine  ages  across  multiple  spe- 
cies by  using  methods  derived  from 
sampling  theory  and  simulation 
testing  of  stock  assessment  models. 
We  found  that,  in  terms  of  methods 
based  on  sampling  theory,  distribu- 
tion of  sample  size  under  2-stage 
sampling  could  be  significantly  re- 
lated to  the  life-history  characteris- 
tics of  the  species.  Results  from  sim- 
ulation analysis  illustrated  that  the 
influence  of  sample  sizes  required 
to  determine  age  composition  of  fish 
on  uncertainty  in  stock  assessment 
models  was  related  to  uncertainty  in 
a survey  index  and  recruitment  vari- 
ability of  the  species  being  assessed. 
The  simulation  analysis  highlighted 
cases  in  which  larger  age-composi- 
tion sample  size  did  not  appreciably 
decrease  uncertainty  in  the  stock 
assessment  model,  in  particular, 
for  species  with  lower  recruitment 
variability  and  larger  survey  index 
uncertainty. 
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Age-composition  data  sets  provide 
the  fundamental  information  nec- 
essary for  application  of  statisti- 
cal catch-at-age  assessment  (SCAA) 
models  used  to  estimate  population 
dynamics  and  to  manage  commercial 
fisheries  (Quinn  and  Deriso,  1999; 
Maunder  and  Punt,  2013).  Age  com- 
position data  allow  the  tracking  of 
year  classes  through  time,  providing 
an  improved  understanding  of  popu- 
lation dynamics  compared  with  that 
gained  from  analyzing  fishery  catch 
per  unit  of  effort  or  survey  biomass 
indices  alone.  Although  theoretically 
the  uncertainty  in  age  composition 
can  be  reduced  by  increasing  sample 
size,  agencies  have  limited  age-read- 
ing capacity  (because  of  budgetary 
constraints  on  the  number  of  hours 
age-reading  scientists  can  spend 
reading  ages  from  otoliths,  as  well  as 
the  number  of  age-reading  scientists 
that  a science  center  can  employ. 

A formal  method  for  determin- 
ing the  most  efficient  distribution  of 
sample  size  across  species  would  be 
useful  for  the  allotment  of  limited 
time,  personnel,  and  funding;  howev- 
er, there  is  little  to  no  existing  guid- 
ance in  the  literature.  The  lack  of  sci- 
entific rigor  used  in  choosing  sample 
sizes  for  determining  age  composi- 
tion at  the  NOAA  Alaska  Fisheries 
Science  Center  (AFSC)  was  noted  in 


the  2013  NOAA  Office  of  Science  and 
Technology  program  review  (AFSC1) 
of  data  collection  and  management. 
The  reviewers  noted  that  in  light  of 
potentially  shrinking  budgets,  the 
current  level  of  age-reading  capabili- 
ties at  AFSC  may  not  be  sustainable. 
Even  though  this  conclusion  was  spe- 
cific to  the  AFSC  review,  this  topic  is 
applicable  globally,  whenever  agen- 
cies are  balancing  age-reading  pri- 
orities with  other  data  collection  or 
assessment  priorities  in  their  stock 
assessment  programs. 

If  a method  were  to  be  adopted 
that  based  age-composition  sampling 
across  species  on  a statistical  or  bio- 
logical basis,  the  distribution  of  sam- 
ple size  would  be  different  from  that 
of  the  current  method,  and  some  spe- 
cies would  experience  an  increase  in 
the  samples  sizes  used  to  determine 
age  composition  of  fish  [hereafter  “the 
age-composition  sample  size”],  while 
others  would  result  in  a decrease. 
A resulting  important  issue  when 
discussing  these  changes  in  sample 
sizes  for  determining  age  composi- 
tion is  the  subsequent  influence  of 
increasing  or  decreasing  sample  size 


1 AFSC  (Alaska  Fisheries  Science  Center). 
2013.  Summary  report:  Alaska  Fisher- 
ies Science  Center  science  data  collection 
review,  40  p.  [Available  from  website.] 
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on  the  uncertainty  of  estimates  determined  from  SCAA 
models.  This  is,  however,  a different  investigation  than 
the  application  of  sample  size  within  an  SCAA  model, 
or,  the  idea  of  effective  sample  size.  The  topic  of  effec- 
tive sample  size  and  the  use  of  age  or  length  composi- 
tion data  within  stock  assessments  has  received  exten- 
sive attention  in  recent  years  (Francis,  2011;  Maunder, 
2011).  This  study  is  also  a different  investigation  from 
that  of  optimizing  the  number  of  hauls  from  which 
age-composition  samples  are  obtained  (Pennington  et 
al.,  2002;  Hulson  et  al.,  2011).  While  effective  sample 
size  is  certainly  related  to  the  precision  and  accuracy 
that  results  from  an  SCAA  model  (Hulson  et  al.,  2012) 
and  determining  the  number  of  tows  to  sample  is  an 
important  practical  consideration  (Pennington  and  Vpl- 
stad,  1994),  here  we  are  interested  in  how  to  distribute 
age-composition  sample  sizes  across  species  before  the 
data  are  input  in  a stock  assessment  model  and  after 
decisions  have  been  made  on  the  number  of  samples 
within  a tow. 

We  followed  a 2-step  procedure  to  address  the  2 
topics  presented  in  the  preceding  paragraphs:  1)  how 
to  distribute  age-composition  sample  sizes  across  spe- 
cies on  a statistical  or  biological  basis,  and  2)  what 
is  the  effect  on  SCAA  model  uncertainty  for  species 
with  different  life  histories  by  increasing  or  decreas- 
ing age-composition  sample  size.  In  the  first  step  we 
used  methods  derived  from  sampling  theory  to  deter- 
mine the  minimum  sample  sizes  necessary  to  achieve 
certain  sampling  goals  for  multiple  species  (Quinn 
and  Deriso,  1999).  Using  this  statistical  procedure, 
we  then  attempted  to  relate  these  sample  sizes  to 
life-history  characteristics  of  the  species  investigated 
to  explore  whether  there  exists  a biological  basis  for 
distribution  of  sample  size  across  multiple  species. 
In  the  second  step  we  used  simulation  to  isolate  and 
evaluate  the  influence  of  sample  sizes  that  determine 
age  composition  from  fishery-independent  sources  on 
resulting  uncertainty  in  estimates  from  SCAA  mod- 
els. The  simulation  analysis  was  applied  to  3 species 
types  with  different  life-history  and  survey  character- 
istics to  evaluate  how  age-composition  sample  size,  in 
combination  with  survey  index  uncertainty,  influenced 
SCAA  model  results  and  if  this  influence  is  dispro- 
portionate among  different  species  type  life  histories. 
In  addition  to  exploring  these  2 topics  the  underlying 
goal  of  the  research  of  this  study  is  to  provide  prelimi- 
nary guidance  for  prioritizing  the  distribution  of  sam- 
ple size  for  age  composition  across  multiple  species, 
which  has  not  been  previously  attempted  or  provided 
in  fisheries  research. 


Materials  and  method 

Step  1 : distribution  of  sample  sizes  to  determine  age 
composition  across  multiple  species 

Age  and  length  observations  from  fishery-independent 
bottom  trawl  surveys  conducted  by  the  AFSC  in  the 


Gulf  of  Alaska  (GOA),  Aleutian  Islands  (Al),  and  Ber- 
ing Sea  (BS)  were  used  to  evaluate  the  distribution 
of  sample  sizes  needed  to  determine  age  composition 
(henceforth,  the  term  “age  sample  sizes”).  These  sur- 
veys provided  an  excellent  opportunity  to  evaluate 
sample  sizes  for  age  composition  because  of  the  longev- 
ity of  the  surveys  and  the  number  of  different  species 
sampled  for  ages.  Data  (AFSC  bottom  trawl  surveys, 
website)  were  used  from  trawl  surveys  conducted  in 
the  GOA  from  1984  to  2011  (triennially  from  1984  to 
1999  then  biennially  from  2001  to  2011,  e.g.,  Raring  et 
al.,  2011),  in  the  Al  from  1980  to  2010  (triennially  from 
1980  to  1986  and  from  1991  to  1997,  then  biennially 
from  2000  to  2006  and  2010  on,  e.g.,  von  Szalay  et  al., 
2011),  and  in  the  BS  from  1982  to  2011  (annually;  e.g., 
Lauth  and  Conner,  2014).  In  the  interest  of  brevity  we 
refer  to  von  Szalay  et  al.  (2011)  for  a detailed  descrip- 
tion of  how  the  survey  index  and  age-length  composi- 
tions are  estimated  from  the  surveys.  Our  interest  was 
the  distribution  of  age-composition  sample  sizes  across 
species  before  indices  are  estimated;  therefore  the  de- 
tails concerning  the  indices  are  not  provided  here. 

Species  included  were  those  for  which  the  number  of 
aged  otoliths  were  greater  than  3000  across  the  time 
series  of  the  trawl  surveys.  Within  a given  haul,  the 
majority  of  species  are  sampled  for  ages  with  2-stage 
sampling:  1)  with  a fixed  allocation  method,  and  2) 
the  remainder  of  species  sampled  with  simple  ran- 
dom sampling  (SRS).  Species  were  categorized  into  3 
types  that  included  ‘flatfish,’  ‘rockfish,’  and  ‘roundfish’ 
(Table  1).  Including  rougheye  ( Sebastes  aleutianus)  and 
blackspotted  ( Sebastes  melanostictus ) rockfish,  which 
are  assessed  as  a complex  and  considered  a ‘single  spe- 
cies’ in  the  context  of  this  study  (Spencer  and  Rooper2; 
Shotwell  et  al.3),  there  were  15  species  and  23  stocks 
investigated  across  all  areas,  including  10  flatfish,  7 
rockfish,  and  6 roundfish  stocks.  Otoliths  that  were 
read  by  both  a ‘reader’  and  a ‘tester’  were  also  collected 
for  each  of  these  species  to  evaluate  the  influence  of  ag- 
ing error  on  estimates  of  age-composition  sample  size. 

We  estimated  sample  sizes  for  age  composition  fol- 
lowing the  method  for  2-stage  sampling  outlined  in 
Quinn  and  Deriso  (1999,  chapter  8).  In  the  first  stage 
of  sampling  a subsample  of  fish  from  the  total  catch 
is  taken  to  obtain  lengths  (either  total  or  fork  length 
depending  on  the  species)  and  in  the  second  stage  of 
sampling  a subset  of  these  fish  are  then  sampled  for 
age  determination  within  each  predetermined  length 
bin.  There  are  several  methods  proposed  to  obtain  the 


2 Spencer,  P.  D.,  and  C.  N.  Rooper.  2014.  Assessment  of  the 
blackspotted  and  rougheye  rockfish  stock  complex  in  the  Ber- 
ing Sea/Aleutian  Islands.  In  Stock  assessment  and  fishery 
evaluation  report  for  the  groundfish  resources  of  the  Bering 
Sea/Aleutian  Islands  regions.  North  Pacific  Management 
Council,  Anchorage,  AK.  [Available  from  website.] 

3 Shotwell,  S.  K.,  D.  H.  Hanselman,  J.  Heifetz,  and  P.-J.  F.  Hul- 
son. 2015.  Assessment  of  the  rougheye  and  blackspotted 
rockfish  stock  complex  in  the  Gulf  of  Alaska.  In  Stock  As- 
sessment and  fishery  evaluation  report  for  the  groundfish 
resources  of  the  Gulf  of  Alaska.  North  Pacific  Management 
Council,  Anchorage,  AK.  [Available  from  website.] 
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Table  1 

Total  mean  length  and  age-composition  sample  sizes  per  survey  and  total  number  of  ages  sampled  combined  across  years 
from  the  NOAA  Alaska  Fisheries  Science  Center  bottom  trawl  surveys  for  the  Gulf  of  Alaska  (GOA,  1984-2011),  Aleutian 
Islands  (AI,  1980-2010),  and  Bering  Sea  (BS,  1982-2011)  for  the  species  investigated  for  this  study.  The  “T  used  between 
Rougheye  and  blackspotted  rockfish  denotes  that  these  species  are  assessed  as  a complex  rather  than  individual  species. 

Species:  common  name  (scientific  name,  acronym) 

Region 

Mean 

sample  size 
for  length 

Mean 

sample  size 
M for  ages 

Total 

sample  size 
for  ages 

Flatfish 

Alaska  plaice  ( Pleuronectes  quadrituberculatus,  AP) 

BS 

11,934 

347 

5800 

Flathead  sole  ( Hippoglossoides  elassodon,  FS) 

BS 

17,354 

458 

7997 

Northern  rock  sole  ( Lepidopsetta  polyxystra,  NRS) 

BS 

34,045 

441 

6751 

Yellowfin  sole  ( Limanda  aspera,  YS) 

BS 

32,025 

707 

20,539 

Arrowtooth  flounder  ( Atheresthes  stomias,  AF) 

GOA 

61,142 

924 

9244 

Dover  sole  ( Microstomus  pacificus,  DS) 

GOA 

7064 

404 

4642 

Flathead  sole  ( H . elassodon,  FS) 

GOA 

21,364 

572 

5723 

Northern  rock  sole  ( Lepidopsetta  polyxystra,  NRS) 

GOA 

8337 

434 

3474 

Rex  sole  ( Glyptocephalus  zachirus,  RS) 

GOA 

15,687 

423 

4563 

Rock  sole  (L.  bilineata,  SRS) 

GOA 

10,136 

455 

3638 

Rockfish 

Northern  rockfish  (Sebastes  polyspinis,  NR) 

AI 

7405 

483 

4990 

Pacific  ocean  perch  (S.  alutus,  POP) 

AI 

19,878 

1068 

10,876 

Rougheye/blackspotted  rockfish  (S.  aleutianus / melanostictus,  RB) 

AI 

1701 

428 

3611 

Light  dusky  rockfish  ( S . variabilis,  LDR) 

GOA 

1883 

385 

4191 

Northern  rockfish  (S.  polyspinis,  NR) 

GOA 

4195 

413 

4521 

Pacific  ocean  perch  (S.  alutus,  POP) 

GOA 

19,658 

1119 

11,511 

Rougheye/blackspotted  rockfish  ( S . aleutianus / melanostictus,  RB) 

GOA 

3950 

516 

5279 

Roundfish 

Atka  mackerel  ( Pleurogrammus  monopterygius,  AM) 

AI 

9187 

598 

6068 

Walleye  pollock  ( Gadus  chalcogrammus,  WP) 

AI 

16,087 

1280 

12,498 

Pacific  cod  ( Gadus  macrocephalus,  PC) 

BS 

12,241 

883 

21,731 

Walleye  pollock  (G.  chalcogrammus,  WP) 

BS 

106,317 

1455 

42,078 

Pacific  cod  (G.  macrocephalus,  PC) 

GOA 

12,138 

607 

6676 

Walleye  pollock  (G.s  chalcogrammus,  WP) 

GOA 

31,387 

1428 

17,139 

second  stage  sample  and  2 are  investigated  here:  pro- 
portional allocation  (selecting  samples  proportional  to 
the  length  distribution)  and  fixed  allocation  (a  fixed 
number  of  samples  from  each  length  class).  The  method 
outlined  in  Quinn  and  Deriso  (1999)  allows  estimation 
of  minimum  sample  sizes  necessary  to  achieve  a target 
level  of  precision  (on  the  basis  of  a specified  coefficient 
of  variation  [CV])  for  all  ages  in  the  age  composition 
data.  The  primary  components  used  to  estimate  sample 
size  is  the  estimated  proportion-at-age  (0a),  the  within- 
length  interval  variance  component  of  the  estimated 
proportion-at-age  ( Fa  for  fixed  allocation,  Va  for  pro- 
portional allocation)  and  the  between-length  interval 
variance  component  of  the  estimated  proportion-at-age 
( Ba ).  In  simple  terms,  one  can  think  of  within-length 
interval  variance  as  the  variability  of  ages  within  a 
given  length  bin  (or,  the  number  of  ages  represented 
for  a given  length)  and  between-length  interval  vari- 
ance as  the  variability  in  length  bins  within  a given 
age  (or,  the  number  of  lengths  represented  for  a given 
age).  From  Quinn  and  Deriso  (1999)  an  unbiased  esti- 
mator under  2-stage  random  sampling  is  represented 
by  the  following  equation: 


6a,y  — £z=l„ . .,J  <\y ' 01, a, y > ( 1 ) 

where  &ly  = the  observed  proportion  of  fish  at  length 
l in  year  y (the  number  of  observations 
at  length  l divided  by  the  total  number  of 
length  observations);  and 
B,  a y = the  observed  proportion  of  fish  of  length  l 
and  age  a in  year  y (the  number  of  age 
observations  at  length  l and  age  a divid- 
ed by  the  number  of  age  observations  at 
length  l ). 

The  within-length  interval  variance  for  fixed  allocation 
sampling  (Fa  y)  is  defined  as 

^^S|=i,">fAa,y(l-Vy)-  (2) 

where  J = the  total  number  of  length  intervals;  and 
al  y and  0j  a y are  as  defined  above. 

For  proportional  allocation,  the  within-length  interval 
variance  (Vay)  is  defined  by  Quinn  and  Deriso  (1999) 
as: 

a1)y01)a>y  (1  - 01>a,y  )•  (3) 
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Finally,  the  between-length  interval  variance  (Bay)  is 
given  as 

Bay  - aly(0l  ay  - §a;y)2.  (4) 

For  fixed  allocation,  the  formula  to  estimate  the  age- 
composition  sample  size  in  year  y (Ay)  is  given  by 


Ay 


%y  CV2-Ba>yIL: 


■ + J, 


(5) 


where Fay  = the  within-length  interval  variance  (Eq. 

e ’ 2)5 

a>y  = the  proportion  of  fish  at  age  a (Eq.  1); 

CV  refers  to  the  target  CV  in  the  age  composition; 
Ba  y = the  between-length  interval  variance  (Eq.  4); 
Ly  = the  number  of  length  observations  in  year  y; 
and 

J = the  number  of  length  intervals. 


Age-composition  sample  size  at  some  level  of  precision 
given  proportional  allocation  was  estimated  with 


^1 


(6) 


where  Va  y=  the  within-length  interval  variance  (Eq.  3) 
and  the  other  terms  are  the  same  as  in 
Equation  5. 


For  consistency  across  species,  the  length  classes  were 
set  at  1-cm  bins  and  were  not  grouped. 

We  also  estimated  the  sample  size  necessary  to  ob- 
tain some  target  CV  under  SRS.  Under  SRS,  the  age- 
composition  sample  size  at  some  level  of  precision  was 
estimated  with 


(l-9a,y) 
9a, y CV2  ’ 


(7) 


which  is  derived  from  the  variance  of  a multinomial 
distribution. 

Four  sampling  goals  to  achieve  some  target  level 
of  precision  in  age  composition  were  investigated  that 
represented  2 general  categories  based  on  1)  a single 
age  class,  or  2)  a group  of  age  classes  that  were  re- 
lated to  the  total  number  of  ages  in  the  population. 
The  overall  point  of  each  of  these  sampling  goals  was 
to  investigate  standardized  sampling  goals  across  spe- 
cies that  achieved  the  same  level  of  uncertainty  in  the 
age-composition  data.  The  first  sampling  goal  was  to 
achieve  the  target  CV  for  the  most  frequently  caught 
age  (i.e.,  the  age  class  with  the  largest  annual  propor- 
tion-at-age).  The  second  sampling  goal  was  to  achieve 
the  target  CV  for  the  age  class  with  the  maximum 
within-length  interval  variance  (i.e.,  the  age  class  with 
the  least  information  on  age  from  the  length  data).  The 
third  sampling  goal  was  to  achieve  the  target  CV  for 
the  top  25%  of  age  classes  caught  (i.e.,  proportionally 
the  same  number  of  age  classes  across  species).  Finally, 
the  fourth  sampling  goal  was  to  achieve  the  target  CV 
for  age  classes  with  proportions-at-age  that  were  on 
average  (across  time)  greater  than  the  inverse  of  half 
of  the  maximum  age  (i.e.,  greater  than  some  propor- 
tion that  is  related  to  the  longevity  of  the  species  in- 


vestigated). As  an  example  of  this  final  sampling  goal, 
for  a maximum  age  of  84  years  for  Pacific  ocean  perch 
(Sebastes  alutus ),  we  would  try  to  achieve  a CV  for  all 
ages  with  proportions  that  were  on  average  greater 
than  1/42  or  2.4%.  It  should  be  noted  that  it  is  often 
difficult  to  set  a sampling  goal  without  prior  sampling 
having  been  completed. 

The  CVs  ranging  from  10  to  25%  were  initially  eval- 
uated (by  5%  intervals)  to  estimate  age-composition 
sample  sizes  under  fixed  and  proportional  allocation 
across  the  species  investigated.  We  investigated  es- 
timated sample  sizes  with  the  same  age-composition 
CV  across  species  to  form  a basis  for  comparison.  The 
trends  and  patterns  in  distribution  of  sample  size 
across  species,  which  was  our  focus,  were  extremely 
similar  across  the  different  CVs  and  we  present  only 
the  results  of  a target  CV  of  15%.  The  overall  estimat- 
ed sample  sizes  and  proportions  of  the  total  sample 
size  presented  for  each  species  were  the  median  across 
the  years  of  the  bottom  trawl  surveys  needed  to  obtain 
the  target  CV  in  the  age  composition.  To  show  the  dis- 
tribution of  sample  size  across  species  we  calculated 
the  species-specific  proportion  of  the  total  sample  size 
within  each  sampling  goal  (dividing  the  species-specific 
estimated  sample  size  for  some  sampling  goal  by  the 
sum  of  the  estimated  sample  sizes  across  species  for 
that  sampling  goal). 

We  also  investigated  the  use  of  species-specific  aging 
error  in  the  estimation  of  sample  sizes.  Reader-tester 
agreement  data  was  compiled  for  all  the  species  and 
stocks  investigated  from  the  AFSC  Age  and  Growth 
Laboratory.  Two  aging  error  cases  were  investigated: 
the  first  was  when  aging  error  was  not  incorporated, 
the  second  was  when  aging  error  was  incorporated. 
The  amount  of  aging  error  (i.e.,  the  age-reading  er- 
ror standard  deviation  [SD]  by  age)  was  investigated 
for  each  species  and  stock  according  to  the  methods  of 
Richards  et  al.  (1992)  and  Hiefetz  et  al.  (1998).  In  order 
to  construct  and  implement  a generalized  aging  error 
method  for  all  species  and  stocks,  a constant  CV  was 
used  across  ages  for  each  species  and  stock.  Aging  er- 
ror was  implemented  into  the  estimates  of  sample  size 
by  multiplying  the  species-specific  aging  error  matrix 
by  the  observed  proportion  of  fish  of  length  l and  age 
a in  year  y (S^y). 

We  evaluated  the  relationships  between  the  distri- 
bution of  age-composition  sample  size  across  species 
and  life-history  characteristics  of  species  by  compar- 
ing the  proportion  of  total  sample  size  estimates  with 
4 statistics.  The  4 statistics  were  focused  on  instanta- 
neous growth  rates  (i.e.,  the  slope  of  the  tangent  of  the 
growth  curve  at  some  age),  calculated  as  the  derivative 
of  the  von  Bertalanffy  growth  curve  (von  Bertalanffy, 
1938).  The  life-history  statistics  investigated  included 
the  natural  log  of  1)  the  instantaneous  growth  rate  at 
20%  of  the  maximum  age  observed;  2)  the  instantaneous 
growth  rate  of  the  age  at  50%  of  the  asymptotic  length 
(Lm);  3)  the  mean  population  instantaneous  growth  rate 
(the  instantaneous  growth  rate  at  age  weighted  by  the 
observed  proportions  at  age);  and  4)  the  minimum  life- 
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time  growth  rate  (simply  calculated  as  L„  divided  by 
the  maximum  age  observed).  Growth  for  each  species 
was  estimated  by  using  the  von  Bertalanffy  growth 
curve  fitted  to  the  mean  age  and  length  observations 
by  using  AD  Model  Builder  (Fournier  et  ah,  2012).  Esti- 
mates of  the  von  Bertalanffy  growth  curve  parameters 
for  each  of  the  species  investigated  when  aging  error 
is  not  included  and  when  it  is  included  (along  with  the 
maximum  age  observed  in  the  bottom  trawl  surveys) 
are  provided  in  Supplementary  Table  1 (online  only).  Re- 
lationships between  the  distribution  of  age  sample  size 
and  other  life-history  characteristics  were  also  investi- 
gated (including  the  von  Bertalanffy  estimated  growth 
coefficient,  k),  but  for  brevity  we  show  these  4 statis- 
tics because  they  resulted  in  the  strongest  relationship 
with  the  distribution  of  age-composition  sample  sizes. 

Step  2:  sample  size  for  determining  age  composition  and 
SCAA  model  uncertainty 

A simulation  approach  was  used  to  evaluate  the  influ- 
ence of  the  magnitude  of  fishery-independent  survey 
uncertainty  (including  both  age  composition  and  bio- 
mass) on  resulting  SCAA  model  uncertainty  across  spe- 
cies types.  Operating  models  for  the  species  types  were 
constructed  with  simplified  versions  of  the  stock  assess- 
ments for  3 species:  GOA  arrowtooth  flounder  ( Atheres - 
thes  stomias  [Turnock  and  Wilderbuer4])  as  an  example 
for  the  flatfish  species  type,  Pacific  ocean  perch  ([Han- 
selman  et  al.5])  as  an  example  for  the  rockfish  species 
type,  and  walleye  pollock  ( Gadus  chalcogrammus  [Dorn 
et  al.6])  as  an  example  for  the  roundfish  species  type. 

The  operating  models  for  the  3 species  types  were 
constructed  by  fitting  standard  SCAA  models  to  simi- 
lar data  sources  for  each  example  species.  Catch-at-age 
in  year  y (Ca  y)  was  modeled  with  the  Baranov  (1918) 
catch  equation  and  numbers-at-age  in  year  y (iVajy) 
were  estimated  by  following  the  theory  of  survival  pre- 
sented by  Ricker  (1975),  which  are  given  by 

Ca,y  = Na:y  ^-(1  - e“Zaj ) and  (8) 

Za,y 

= (9) 


4 Turnock,  B.  J.,  and  T.  K.  Wilderbuer.  2011.  Assessment  of 
the  arrowtooth  flounder  stock  in  the  Gulf  of  Alaska.  In  Stock 
assessment  and  fishery  evaluation  report  for  the  groundfish 
resources  of  the  Gulf  of  Alaska.  North  Pacific  Management 
Council,  Anchorage,  AK.  [Available  from  website.] 

5 Hanselman,  D.,  S.  K.  Shotwell,  P.  J.  F.  Hulson,  J.  Heifetz,  and 
J.  N.  Ianelli.  2011.  Assessment  of  the  Pacific  ocean  perch 
stock  in  the  Gulf  of  Alaska.  In  Stock  assessment  and  fishery 
evaluation  report  for  the  groundfish  resources  of  the  Gulf 
of  Alaska.  North  Pacific  Management  Council,  Anchorage, 
AK.  [Available  from  website.] 

6 Dorn,  M.,  K.  Aydin,  S.  Barbeaux,  M.  Guttormsen,  K.  Spalin- 
ger,  and  W.  Palsson.  2011.  Assessment  of  the  walleye  pol- 
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where  Za  y - the  instantaneous  total  mortality,  com- 
posed of  natural  mortality,  Ma >y>  and  fish- 
ing mortality,  Fa  y. 

Fishing  mortality  was  modeled  as  year-specific  and 
age-specific  factors  (Doubleday,  1976), 

Fa,y  = Safy,  (10) 

where  sa  = age-specific  selectivity  (asymptotic);  and 

fy  = the  annual  fishing  mortality  rate  for  fully  se- 
lected fish. 

Data  that  were  fitted  in  the  objective  function  to 
construct  the  operating  models  included  total  catch  bio- 
mass (lognormal),  commercial  fishery  age  and  length 
compositions  (multinomial,  effective  sample  size  set 
at  the  square  root  of  sample  size),  bottom  trawl  sur- 
vey biomass  (lognormal),  and  bottom  trawl  survey  age 
composition  (multinomial,  effective  sample  size  set  at 
square  root  of  sample  sizes).  The  primary  differences 
between  the  actual  stock  assessment  models  and  the 
simplified  SCAA  models  used  here  included  combined- 
sex  rather  than  sex-specific  models,  time-invariant  sur- 
vey catchability  and  selectivity,  time-invariant  fishing 
selectivity,  and  effective  sample  sizes  used.  The  point 
of  constructing  the  operating  models  was  not  to  rep- 
licate the  exact  results  of  each  assessment  but  to  ob- 
tain reasonable  parameter  estimates  indicative  of  the 
3 species  type  life  histories.  Parameter  estimates  from 
the  final  30  years  of  the  time  series  of  the  operating 
models  for  each  species  type  were  treated  as  ‘true’  val- 
ues from  which  process  error  in  recruitment  and  obser- 
vation error  in  survey  age  compositions  and  biomass 
were  generated.  The  parameter  estimates  used  in  the 
operating  models  for  each  of  the  3 species  types  inves- 
tigated are  provided  in  Supplementary  Table  2 (online 
only).  The  same  time  scale  and  amount  of  data  (annu- 
ally) were  used  for  each  species  type  so  that  resulting 
uncertainty  in  the  estimation  models  was  not  sensitive 
to  the  length  or  quantity  of  the  data  time  series. 

Process  error  in  recruitment  was  generated  from 
the  operating  models  with  the  lognormal  distribution. 
Recruitment  deviation  parameters  were  generated  in- 
dependently following  the  estimation  method  used  in 
the  stock  assessment  SCAA  models  (as  opposed  to  us- 
ing autocorrelation  or  a stock-recruitment  model).  The 
mean  recruitment  on  the  log-scale  was  6.3  (SD  0.32) 
for  arrowtooth  flounder,  which  was  comparable  to  the 
2011  assessment  values  with  a log-scale  mean  of  6.3 
(SD  0.29)  from  1980  to  2011  (Turnock  and  Wilder- 
buer4). For  Pacific  ocean  perch  the  log-scale  mean  re- 
cruitment used  was  3.9  (SD  0.45),  which  was  similar 
to  the  2011  assessment  mean  from  1980  to  2011  of  3.9 
(SD  0.49)  (Hanselman  et  al.5).  The  log-scale  mean  re- 
cruitment was  6.23  (SD  0.70)  for  walleye  pollock,  the 
mean  was  slightly  larger  than  the  assessment  mean  of 
6.0,  and  the  SD  was  smaller  from  the  assessment  value 
of  0.92  from  1980  to  2011  (Dorn  et  al.6). 

For  each  process  error  replicate  of  recruitment,  ob- 
servation error  was  then  generated  in  age  composition 
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Table  2 

Minimum  and  maximum  estimated  age  sample  sizes  across  sampling  goals  under  simple  random  sampling 
(SRS),  proportional  allocation  (PA),  and  fixed  allocation  (FA)  from  the  NOAA  Alaska  Fisheries  Science  Center 
bottom  trawl  surveys  for  the  Gulf  of  Alaska  (GOA,  1984—2011),  Aleutian  Islands  (AI,  1980—2010),  and  Bering 
Sea  (BS,  1982-2011).  Estimated  sample  sizes  without  aging  error  are  shown  on  the  left  of  the  “|”  symbol 
and  sample  sizes  including  aging  error  are  shown  on  the  right  (species  acronyms  are  provided  in  Table  1). 
The  top  row  for  each  species  type  contains  the  average  of  the  minimum  and  maximum.  Species  acronyms  are 
explained  in  Table  1. 

Species  Region  SRS  PA  FA 


Flatfish 


Avg. 

Min-Max 

269-730 

301-737 

205-659 

244-706 

447-1354 

523-1374 

AP 

BS 

286-687 

300-716 

224-666 

259-676 

530-1330 

616-1298 

F8 

BS 

278-640 

318-604 

197-565 

236-574 

356-1079 

389-1066 

NRS 

BS 

192-570 

208-727 

136-380 

152-406 

370-882 

446-890 

YS 

BS 

232-662 

249-676 

150-614 

178-630 

314-1358 

338-1365 

AF 

GOA 

240-458 

254-615 

151-410 

190-548 

369-836 

445-941 

DS 

GOA 

460-1686 

560-1515 

377-1614 

492-1785 

646-3058 

820-3124 

FS 

GOA 

268-616 

297-594 

222-556 

258-570 

600-1416 

718-1432 

NRS 

GOA 

210-579 

226-564 

174-526 

188-530 

400-1028 

430-1025 

RS 

GOA 

217-888 

257-852 

187-801 

224-843 

478-1699 

576-1700 

SRS 

GOA 

310-516 

342-504 

236-462 

265-498 

410-853 

447-898 

Rockfish 

Avg. 

Min-Max 

406-1823 

516-2967 

348-1977 

467-3002 

805-4805 

1072-6494 

NR 

AI 

360-1433 

427-1533 

335-1400 

402-1516 

566-3082 

1024-3386 

POP 

AI 

319-2000 

416-6319 

261-2702 

366-6218 

650-4882 

782-12224 

RB 

AI 

678-2522 

989-2523 

661-2822 

980-2662 

1928-8584 

2871-7710 

LDR 

GOA 

258-1030 

290-1172 

210-1044 

206-1146 

524-2726 

516-3040 

NR 

GOA 

406-1423 

464-1456 

342-1371 

421-1433 

660-4139 

860-3918 

POP 

GOA 

346-1670 

370-5015 

231-1718 

249-5300 

473-3886 

338-9380 

RB 

GOA 

477-2684 

655-2751 

396-2781 

642-2740 

837-6333 

1116-5801 

Roundfish 

Avg. 

Min-Max 

126-350 

133-329 

55-255 

62-256 

147-509 

200-576 

AM 

AI 

110-174 

112-180 

72-150 

75-155 

155-342 

178-379 

WP 

AI 

170-499 

191-427 

110-446 

135-374 

238-849 

334-876 

PC 

BS 

109-262 

117-254 

20-137 

40-188 

134-299 

187-389 

WP 

BS 

108-490 

109-510 

50-404 

8-412 

92-827 

105-942 

PC 

GOA 

138-294 

143-242 

69-133 

105-157 

191-323 

318-427 

WP 

GOA 

118-383 

125-359 

6-260 

8-250 

70-413 

75-440 

and  biomass  from  survey  data.  Observation  error  in 
survey  age-composition  data  from  the  operating  model 
was  generated  with  the  multinomial  distribution.  To 
evaluate  the  influence  of  age-composition  sample  size 
in  a fishery-independent  survey  on  SCAA  model  results, 
13  sample  sizes  were  used  to  generate  trawl  survey  age 
composition  data  that  ranged  from  10  to  100,000  (by 
multiples  of  2.5  and  2,  e.g.,  10,  25,  50,  100,  250,  500...). 

The  influence  of  survey  biomass  uncertainty  was 
evaluated  concurrent  with  age  composition  uncertainty 
with  4 index  uncertainty  cases.  These  cases  focused  on 
the  CV  used  to  generate  observation  error  in  the  log- 
normal survey  biomass  time  series.  Index  case  E0  gen- 
erated log-normal  survey  biomass  data  with  a CV  set 
at  the  average  obtained  by  the  AFSC  bottom  trawl  sur- 
vey in  the  GOA  (CV=9%  for  arrowtooth  flounder,  25% 
for  Pacific  ocean  perch,  and  18%  for  walleye  pollock). 
Index  case  El  multiplied  the  CV  in  case  E0  by  2.  Index 


case  E2  set  the  CV  at  10%  for  all  species  types,  and  E3 
set  the  CV  at  25%  for  all  species  types.  Although  some 
of  the  index  cases  may  not  occur  in  reality  (for  exam- 
ple, setting  the  CVs  equal  across  species),  our  goal  was 
to  investigate  the  relationship  with  survey  index  CV 
as  well  as  age  composition  based  on  survey  data  and 
a range  of  values  is  needed.  Unlike  the  actual  AFSC 
bottom  trawl  survey  time  series  in  the  GOA  (which  is 
triennial  from  1984  tol999  and  biannual  from  1999  to 
2011)  this  simulation  analysis  generated  annual  trawl 
survey  biomass  and  age-composition  data,  so  that  vari- 
ability in  model  estimation  results  was  not  sensitive  to 
gaps  in  the  time  series  based  on  data  from  the  trawl 
surveys. 

In  the  estimation  models,  the  same  number  of  pa- 
rameters was  estimated  for  each  species  type  so  that 
resulting  uncertainty  was  more  directly  comparable 
and  was  not  sensitive  to  parameter  differences.  Estima- 
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tion  models  had  35  parameters  that  included  log-scale 
mean  recruitment  (1),  recruitment  deviations  (30),  nat- 
ural mortality  (1),  survey  catchability  (1),  and  logistic 
parameters  for  survey  selectivity  (2).  The  models  fit- 
ted age-composition  data  from  the  trawl  survey  with 
the  multinomial  distribution  and  biomass  data  from 
the  trawl  survey  with  the  log-normal  distribution.  The 
sample  sizes  and  CVs  used  to  generate  the  age  compo- 
sition and  biomass  data,  respectively,  from  the  trawl 
data  were  treated  as  known  and  used  in  the  estimation 
models  so  that  uncertainty  was  not  misspecified. 

For  each  of  the  100  replicates  of  recruitment  that 
were  generated,  100  replicates  of  survey  age  composi- 
tion and  index  were  generated  and  fitted  by  the  esti- 
mation models.  For  presentation  we  focus  on  the  CV 
of  the  total  biomass  of  the  final  year  estimated  by  the 
SCAA  model  because  this  particular  quantity  allows 
consideration  of  the  uncertainty  in  potential  quantities 
of  interest  to  management. 

Results 

Step  1 : distribution  of  sample  sizes  to  determine  age 
composition  across  multiple  species 

Overall,  the  results  of  the  distribution  of  sample  size 
for  age-composition  among  the  species  types  investi- 
gated with  the  AFSC  bottom  trawl  survey  data  were 
consistently  similar  across  sampling  goals  (Fig.  1), 
sampling  methods  (Fig.  2),  and  whether  or  not  aging 
error  was  included  (Fig.  3,  A-D).  Proportionally  speak- 
ing, the  distribution  of  age  samples  was  in  general 
the  smallest  for  roundfish,  intermediate  for  flatfish, 
and  largest  for  rockfish  (Figs.  1-3).  Upon  combining 
sample  sizes  across  species  types,  we  found  that  the 
distribution  of  sample  size  for  the  collection  of  otoliths 
for  age  reading  was  around  10%  for  roundfish,  30-40% 
for  flatfish,  and  50-60%  for  rockfish  (left  panels,  Figs. 
1-3).  An  interesting  species  that  was  a counter-exam- 
ple to  the  general  results  was  Dover  sole  ( Microsto - 
mus  pacificus ) in  the  GOA,  which  is  the  longest  lived 
flatfish  species  investigated.  In  some  sampling  goals 
Dover  sole  resulted  in  a larger  proportion  of  the  total 
sample  size  than  some  rockfish  species.  Consistent  pat- 
terns or  large  differences  in  the  distribution  of  sample 
sizes  in  relation  to  location  (e.g.,  among  the  GOA,  AI, 
or  BS)  were  not  apparent  across  sampling  goals,  sam- 
pling methods,  or  cases  of  aging  error  for  species  that 
resided  in  more  than  one  region  investigated. 

A few  minor  differences  resulted  in  the  distributions 
of  sample  size  for  individual  species  across  sampling 
goals  (Fig.  1)  and  sampling  methods  (Fig.  2);  however, 
the  overall  pattern  of  distribution  by  species  type  dom- 
inated the  results  of  the  distribution  of  sample  size  for 
collecting  age  samples.  When  aging  error  was  included 
in  the  distribution  of  sample  size,  there  were  some  dif- 
ferences in  total  sample  size  proportions  among  some 
of  the  roundfish  and  flatfish  species  but  there  were  no 
differences  when  aging  error  was  not  included  (for  ex- 


ample, AI  Atka  mackerel  (. Pleurogrammus  monopteryg- 
ius ) or  GOA  Arrowtooth  flounder),  although,  the  over- 
all distribution  by  species  type  was  again  consistent 
(Fig.  3,  A and  C).  When  directly  comparing  across  spe- 
cies, sampling  goals,  and  sampling  methods,  we  found 
that  the  sample  sizes  required  when  aging  error  was 
included  were  predominantly  larger  than  when  aging 
error  was  not  included  (Table  2).  The  slope  parameter 
from  a linear  regression  between  estimated  sample 
sizes  that  did  and  did  not  include  aging  error  was  sig- 
nificantly greater  than  1 and  the  intercept  parameter 
was  significantly  greater  than  0,  indicating  that  esti- 
mated sample  sizes  when  aging  error  was  included  are 
larger  than  when  aging  error  was  not  included  (Fig. 
3E).  On  average,  when  aging  error  was  included,  the 
sample  size  needed  to  increase  by  around  10%  for  flat- 
fish and  roundfish,  and  over  40%  for  rockfish  to  achieve 
the  same  level  of  uncertainty  as  when  aging  error  was 
not  included. 

Upon  investigating  the  within-  and  between-length 
interval  variance  components  across  species  there 
were  patterns  that  emerged  that  could  explain  the  re- 
sulting distribution  of  sample  size  across  species  (Fig. 
4).  In  general,  the  between-length  interval  variance 
was  smallest  for  rockfish,  intermediate  for  flatfish, 
and  largest  for  roundfish.  Alternatively,  the  within- 
length  interval  variance  (under  both  proportional  and 
fixed  allocation)  was,  in  general,  smallest  for  round- 
fish, intermediate  for  flatfish,  and  largest  for  rockfish. 
Significant  relationships  resulted  among  all  4 life-his- 
tory statistics  investigated  and  the  proportion  of  total 
sample  size  across  sampling  goals  (Fig.  5,  including 
aging  error,  shown  as  an  example).  The  weakest  re- 
lationship was  between  the  log  of  estimated  sample 
size  and  the  log  of  the  growth  rate  at  50%  of  with 
coefficient  of  multiple  determination  (ix2)  values  of 
0.61  (Fig.  5B).  The  strongest  relationship  was  found 
between  the  log  of  median  sample  size  and  the  log  of 
the  minimum  lifetime  growth  rate  with  R2  values  of 
0.88  (Fig.  5D). 

Estimated  sample  sizes  were  comparable  to  AFSC 
bottom  trawl  survey  sample  sizes.  Across  the  flatfish 
species  investigated,  the  range  between  the  average 
minimum  and  maximum  sample  sizes  to  achieve  the 
sampling  goals  investigated  was  between  205  and  1374 
samples  (Table  2),  which  contains  the  actual  average 
sample  size  taken  by  the  AFSC  bottom  trawl  surveys 
and  is  approximately  500  samples  per  year  (Table  1). 
For  the  rockfish  species  investigated,  the  range  of  av- 
erage minimum  and  maximum  sample  sizes  to  achieve 
our  sampling  goals  was  from  348  to  6494  samples  (Ta- 
ble 2),  which  also  contains  the  actual  average  yearly 
sample  size  of  630  samples  taken  by  the  AFSC  bot- 
tom trawl  surveys  (Table  1).  The  range  of  the  aver- 
age minimum  and  maximum  sample  sizes  to  achieve 
the  sampling  goals  for  the  roundfish  investigated  was 
between  55  and  576  samples  (Table  2),  the  average 
annual  sample  size  taken  by  the  AFSC  bottom  trawl 
surveys  of  around  1040  samples  (Table  1)  was  larger 
than  this  range.  The' estimated  sample  sizes  were,  in 
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Figure  1 

Proportion  of  total  age-composition  sample  size  for  the  (A,  C,  E,  G)  combined  species  types  and  (B, 
D,  F,  H)  individual  species  investigated  under  proportional  allocation  (PA)  sampling  across  the  4 
sampling  goals  (SG1-4)  by  using  data  from  the  NOAA  Alaska  Fisheries  Science  Center  bottom  trawl 
surveys  for  the  Gulf  of  Alaska  (GOA,  1984-2011),  Aleutian  Islands  (AI,  1980-2010),  and  Bering  Sea 
(BS,  1982-2011).  Species  acronyms  are  explained  in  Table  1.  Note  the  different  scale  values  on  the 
y axis:  the  left  side  designates  the  proportion  of  total  sample  size  combined  across  species  types;  the 
right  side  designates  values  for  individual  species. 


general,  of  similar  magnitude  between  SRS  and  propor- 
tional allocation  sampling  across  the  sampling  goals. 
Both  SRS  and  proportion  sampling  required  almost 
half  the  number  of  age  samples  to  achieve  the  same 
amount  of  uncertainty  as  that  obtained  with  fixed  al- 
location, which  is  the  current  method  for  the  majority 
of  species  sampled  by  the  AFSC  bottom  trawl  survey. 
Compiled  results  of  the  estimated  sample  sizes  sam- 
pling goals  investigated  are  shown  in  Table  2 to  reduce 
the  number  of  results  presented;  the  estimated  sample 
sizes  for  each  species  investigated  across  the  sampling 


goals,  sampling  methods,  and  whether  or  not  aging  er- 
ror was  included  are  provided  in  Supplementary  Tables 
3-5  (online  only). 

Step  2:  sample  size  for  determining  age  composition  and 
SCAA  model  uncertainty 

The  CV  of  total  biomass  in  the  final  year  of  the  es- 
timation models  for  flatfish,  rockfish,  and  roundfish 
decreased  at  different  rates  with  increasing  age-com- 
position sample  size  from  survey  data  and  eventually 
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Figure  2 

Proportion  of  total  age-composition  sample  size  for  the  (A,  C,  E)  combined  species  types  and  (B, 
D,  G)  individual  species  investigated  under  simple  random  sampling  (SRS),  proportional  alloca- 
tion (PA),  and  fixed  allocation  (FA)  sampling  by  using  data  from  the  NOAA  Alaska  Fisheries  Sci- 
ence Center  bottom  trawl  surveys  for  the  Gulf  of  Alaska  (GOA,  1984-2011),  Aleutian  Islands  (AI, 
1980-2010),  and  Bering  Sea  (BS,  1982-2011).  Sampling  goal  4 (SG4)  is  used  for  illustration.  Spe- 
cies acronyms  are  explained  in  Table  1.  Note  the  different  scale  values  on  the  y axis:  the  left  side 
designates  the  proportion  of  total  sample  size  combined  across  species  types;  the  right  side  desig- 
nates values  for  individual  species. 


approached  a minimum  value  for  the  index  uncertainty 
cases  E0-E3  (Fig.  6).  For  each  of  the  index  uncertainty 
cases  the  minimum  CV  obtained,  or  baseline,  was  re- 
lated to  the  underlying  magnitude  of  the  CV  in  survey 
biomass.  In  uncertainty  cases  E0  and  El  (Fig.  6,  A and 
B),  the  baseline  CV  of  the  final  year’s  total  biomass 
was  smallest  for  flatfish,  intermediate  for  roundfish, 
and  largest  for  rockfish,  which  followed  the  relative 
magnitude  of  the  underlying  uncertainty  in  the  survey 
index  data  for  these  3 species  types.  In  all  index  un- 
certainty cases,  CV  reduction  resulting  from  increased 
age-composition  sample  size  (the  maximum  CV  ob- 


tained compared  to  the  baseline)  was  greatest  for  the 
roundfish  group  (text  in  top  right  comer  of  each  plot 
in  Fig.  6)  and  the  smallest  for  the  flatfish  group,  with 
rockfish  intermediate. 

The  sample  size  for  which  the  CV  in  the  total  bio- 
mass of  final  year  changed  by  less  than  2.5%  for  all 
species  types,  which  we  define  as  the  point  of  diminish- 
ing returns,  and  was  larger  in  cases  with  smaller  sur- 
vey index  uncertainty  than  in  cases  with  larger  survey 
index  uncertainty  (vertical  lines  with  arrows  in  Fig. 
6).  For  example,  the  sample  size  at  the  point  of  dimin- 
ishing returns  for  case  E0  of  2500  samples  was  larger 
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Proportion  of  total  age-composition  sample  size  for  the  (A,  C)  combined  species  types  and  (B,  D) 
individual  species  investigated  without  aging  error  (AEO)  and  with  aging  error  (AE1)  and  (E) 
direct  comparison  of  estimated  age-composition  sample  sizes  with  and  without  aging  error  by 
using  data  from  the  NOAA  Alaska  Fisheries  Science  Center  bottom  trawl  surveys  for  the  Gulf 
of  Alaska  (GOA,  1984-2011),  Aleutian  Islands  (AI,  1980-2010),  and  Bering  Sea  (BS,  1982-2011). 
Proportional  sampling  and  sampling  goal  4 (SG4)  are  used  for  illustration.  Species  acronyms 
are  explained  in  Table  1.  rcE1=age-composition  sample  size  with  aging  error;  nEo=age-composition 
sample  size  without  aging  error;  E2=coefficient  of  multiple  determination;  CI=confidence  inter- 
val. Note  the  different  scale  values  on  the  y axis:  the  left  side  designates  the  proportion  of  total 
sample  size  combined  across  species  types;  the  right  side  designates  values  for  individual  species. 


than  the  sample  size  of  500  samples  for  case  El  (verti- 
cal lines  with  arrows  in  each  plot  in  Fig.  6).  Likewise, 
the  sample  sizes  at  the  point  of  diminishing  returns 
were  greater  for  E2  (5000)  compared  with  E3  (500). 

Correlation  analysis  between  changes  in  the  esti- 
mates of  the  CV  in  the  biomass  of  the  final  year,  re- 
cruitment variability,  and  survey  index  uncertainty 
from  the  estimation  model  emphasized  the  relationship 
between  these  quantities  and  sample  size.  The  percent 


change  in  the  CV  of  the  total  biomass  of  the  final  year 
(relative  difference  between  largest  CV  compared  with 
baseline  CV,  or,  the  minimum  CV  obtained)  was  posi- 
tively correlated  with  recruitment  variability  (0.54; 
Fig.  7A).  Conversely,  the  uncertainty  in  the  survey  in- 
dex was  negatively  correlated  with  the  percent  change 
in  the  CV  of  biomass  in  the  final  year  (-0.57;  Fig.  7B). 
Taken  alone,  however,  neither  of  these  correlations  was 
as  strong  as  when  the  percent  change  in  the  CV  of  to- 
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Comparison  for  fixed  allocation  and  proportional  allocation  of  the  within-length  interval  variance,  (A) 
for  fixed  allocation  and  (B)  for  proportional  allocation,  and  of  the  between-length  interval  variance 
for  the  species  investigated  (estimated  with  aging  error  [AE1]  by  using  data  from  the  NOAA  Alaska 
Fisheries  Science  Center  bottom  trawl  surveys  for  the  Gulf  of  Alaska  [GOA,  1984-2011],  Aleutian 
Islands  [AI,  1980-2010],  and  Bering  Sea  [BS,  1982-2011]).  Barplots  indicate  the  averages  of  (C)  the 
between-length  variance  and  within-length  interval  variance,  (D)  for  fixed  allocation  and  (E)  for  pro- 
portional allocation  for  species  types. 


tal  biomass  in  the  final  year  was  correlated  with  the 
ratio  of  recruitment  variability  divided  to  the  survey 
index  uncertainty,  which  was  0.96  (Fig.  7C). 

Discussion 

When  thinking  about  the  most  efficient  and  appropri- 
ate manner  to  distribute  sample  sizes  for  age  across 
multiple  species,  whether  in  a fishery-independent  sur- 
vey or  from  a commercial  or  recreational  fishery,  there 


are  a number  of  factors  to  consider.  All  of  these  can  be 
reduced  to  answering  a single  question:  What  is  the 
relative  value  of  each  additional  otolith  to  stock  assess- 
ment? Although  this  can  be  posed  as  a simple  ques- 
tion, it  is  not  simple  to  answer.  It  is  an  optimization 
problem  that  requires  balance  among  biology  and  life- 
history,  statistics  and  stock  assessment,  and  the  com- 
mercial value  and  importance  of  the  fisheries  to  user 
groups.  Although  this  study  is  the  first  attempt  in  the 
fisheries  literature  to  directly  address  this  question, 
we  recognize  that  many  more  factors  than  those  con- 
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Linear  relationships  among  the  life-history  statistics  evaluated — (A)  log  of  growth  rate  at  20% 
of  the  maximum  age  observed  (Amax);  (B)  log  of  growth  rate  at  50%  of  asymptotic  length  (L„); 
(C)  log  of  average  population  growth  rate;  and  (D)  log  of  minimum  lifetime  growth  rate — and 
the  estimated  proportion  of  total  sample  size  by  species  across  the  sampling  goals  and  sampling 
methods  evaluated  when  including  aging  error  (AE1)  in  analyses  with  data  from  the  NOAA 
Alaska  Fisheries  Science  Center  bottom  trawl  surveys  for  the  Gulf  of  Alaska  (GOA,  1984-2011), 
Aleutian  Islands  (AI,  1980-2010),  and  Bering  Sea  (BS,  1982-2011).  i?2=coefficient  of  multiple 
determination. 


sidered  here  should  be  investigated  to  obtain  a more 
definitive  answer  to  this  question.  Although,  at  some 
point  it  must  be  recognized  that  the  uncertainty  in- 
herent in  collecting  and  analyzing  fisheries  data,  and 
the  simplifications  that  are  unavoidable  in  simulation 
analyses,  make  a comprehensive  answer  to  this  ques- 
tion unobtainable.  In  this  study  we  have,  however,  pro- 
vided several  useful  and  interesting  results  that  can  be 
considered  when  approaching  the  issue  of  age  sample 
size  distribution  and  its  subsequent  influence  on  stock 
assessment. 

The  use  of  sampling  theory,  to  estimate  age  sample 
sizes  for  each  species,  resulted  in  surprisingly  consis- 


tent patterns  in  comparisons  of  the  resulting  sample 
sizes  across  species  in  a distributional  sense  rather 
than  by  restricting  the  results  to  only  species-specific 
evaluation.  Upon  viewing  the  species-specific  sample 
sizes  as  a proportion  of  total  sample  size,  regardless 
of  the  sampling  goal,  sampling  method,  or  whether 
aging  error  was  applied,  the  same  pattern  emerged. 
The  rockfish  species  type  required  the  largest  propor- 
tion of  total  sample  size,  flatfish  were  intermediate, 
and  roundfish  required  the  lowest  proportion  of  total 
sample  size.  Potentially  the  most  interesting  results 
of  this  study  were  the  relationships  between  the  dis- 
tributions of  sample  size  and  life-history  characteris- 
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Coefficient  of  variation  (CV)  for  biomass  during  the  final  year  from  the  estimation  models 
for  the  species  types  (flatfish,  rockfish,  and  roundfish)  evaluated  across  survey  age-com- 
position sample  sizes  (per  species)  and  survey  index  uncertainty  cases  (A)  EO,  (B)  El,  (C) 
E2,  and  (D)  E3.  Text  in  the  top  right  corners  of  each  graph  denotes  the  absolute  change  in 
CV  for  each  species  type,  and  the  vertical  lines  with  arrows  indicate  the  age  sample  size 
beyond  which  the  CV  in  the  biomass  during  the  final  year  changed  less  than  2.5%  for  all  3 
species  types. 


tics,  in  particular  growth.  It  was  shown  that  the  rela- 
tive proportion  of  sample  size  could  be  related  to  the 
growth  rates  of  the  species  considered.  The  significant 
relationships  between  the  proportion  of  age-composi- 
tion sample  sizes  by  species  and  life-history  statistics 
could  be  due  partially  to  the  patterns  in  the  variance 
between-  and  within-length  intervals  that  resulted 
with  species  types. 

On  the  basis  of  our  results  of  this  study,  species  that 
are  relatively  slower  growing  require  more  samples  to 
determine  age  composition  than  those  that  are  relative- 
ly faster  growing.  The  overall  idea  being  that  for  rela- 
tively faster  growing  species,  there  is  more  distinction 
between  the  lengths  at  a given  age;  thus,  the  length 
composition  is  relatively  more  informative  regarding 


age  than  it  is  for  slower  growing  species,  and  fewer 
age  samples  are  need  to  determine  the  age  composition 
when  performing  2-stage  sampling.  These  results  are 
also  generalizable  beyond  just  the  species  sampled  by 
the  AFSC  bottom  trawl  surveys.  Any  fisheries  science 
organization  around  the  world  will  be  constrained  by 
the  total  number  of  otoliths  it  can  process  in  a given 
year  when  considering  how  to  distribute  age  sample 
size  in  a fishery-independent  survey  or  fishery.  The 
guidance  that  this  study  provides  is  that  the  growth 
characteristics  of  the  species  being  sampled  can  help 
determine  the  relative  magnitude  of  the  sample  size 
that  should  be  used  for  each  species.  However,  the  re- 
sults of  this  study  should  be  taken  in  light  of  the  cave- 
ats inherent  to  the  method  used  to  determine  the  dis- 
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Correlations  of  (A)  standard  deviation  (SD)  in  log-scale  recruitment,  (B)  the  coefficient 
of  variation  (CV)  of  the  survey  index,  and  (C)  SD  in  log-scale  recruitment  divided  by 
the  CV  of  the  survey  index  with  the  resulting  percent  change  in  the  CV  in  biomass 
during  the  final  year  from  the  estimation  models  across  survey  age-composition  sam- 
ple sizes  for  each  survey  index  uncertainty  case  (E0-E3)  evaluated  (correlation  in  text 
shown  for  case  E0).  p=Pearson’s  correlation  coefficient  for  all  survey  index  uncertainty 
cases;  pEo=Pearson’s  correlation  coefficient  for  survey  index  uncertainty  case  E0  only. 


tribution.  of  sample  size.  We  will  discuss  3 of  these:  1) 
cost,  2)  intrahaul  correlation,  and  3)  commercial  value 
of  the  species. 

Cost,  in  terms  of  collecting  age  samples,  would  be 
defined  as  the  cost  in  time  (which  is  proportional  to 
labor  costs)  required  to  both  collect  and  read  any  given 
otolith.  For  example,  when  otoliths  are  collected,  it  is 
somewhat  more  difficult  to  obtain  an  otolith  from  a 
rockfish  than  from  a roundfish  or  flatfish.  There  could 
also  be  differences  in  the  amount  of  time  it  takes  to 
obtain  lengths  of  certain  species.  In  terms  of  reading 
otoliths,  more  time  is  required  to  read  a rockfish  otolith 
than  a flatfish  or  roundfish  otolith,  if  for  no  other  rea- 


son than  that  rockfish  are  longer-lived  and  have  more 
annuli  to  count  than  flatfish  or  roundfish.  Additionally, 
we  found  that  aging  error  had  a relatively  larger  influ- 
ence on  rockfish  species  than  on  roundfish  or  flatfish. 
This  finding  would  increase  the  cost  in  time  because 
more  otoliths  would  need  to  be  read  to  obtain  the  same 
amount  of  information  in  the  age-composition  data. 
Cost  could  also  be  a function  of  sampling  method,  with 
the  highest  cost  associated  with  fixed-allocation  2-stage 
sampling  and  lower  costs  associated  with  proportional 
allocation  2-stage  sampling  or  SRS  (in  terms  of  the 
sample  size  necessary  to  achieve  the  same  amount  of 
uncertainty).  Methods  have  been  developed  to  include 
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cost  in  estimating  sample  sizes  required  for  age  com- 
position (Schweigert  and  Sibert,  1983;  Lai*  1987),  how- 
ever, the  data  on  cost  for  the  species  sampled  by  the 
AFSC  was  not  available  at  the  time  of  this  study. 

Intrahaul  correlation  arises  owing  to  the  similarity 
of  fish  ages  within  a given  haul  or  the  spatial  distribu- 
tion of  these  ages  in  comparison  with  the  spatial  dis- 
tribution of  sampling,  which  then  leads  to  over-disper- 
sion of  uncertainty  when  compared  with  what  would 
be  determined  from  multinomial  sampling  (McAllister 
and  lanelli,  1997).  Intrahaul  correlation  in  sampling 
for  ages  has  recently  been  the  subject  of  several  stud- 
ies (Pennington  et  ah,  2002;  Hulson  et  ah,  2011),  as 
well  as  investigations  of  how  to  account  for  intrahaul 
correlations  in  SCAA  models  (Francis,  2011;  Maunder, 
2011;  Hulson  et  ah,  2012).  Although  intrahaul  correla- 
tion has  received  attention  in  the  literature  in  terms  of 
integration  into  stock  assessment  models,  it  is  not  clear 
at  this  point  in  time  how  intrahaul  correlation  could 
be  incorporated  in  estimating  optimal  distribution  of 
age-composition  sample  sizes  across  species  before  a 
stock  assessment.  The  magnitude  of  the  difference  be- 
tween effective  sample  size  and  the  actual  sample  size 
collected  is  influenced  by  the  age  aggregations  within 
schools  or  the  spatial  distribution  of  the  species  sam- 
pled, which  may  not  be  consistent  across  species.  This 
should  be  a topic  for  future  consideration  but  is  beyond 
the  scope  of  the  current  study. 

Value  in  this  case  would  be  defined  as  the  value  of 
the  fishery,  the  sampling  efforts  of  which  are  support- 
ing stock  assessment.  Using  fisheries  assessed  by  the 
AFSC  as  an  example,  the  walleye  pollock  fishery  in  the 
eastern  BS  supports  one  of  the  largest  and  most  valu- 
able groundfish  fisheries  in  the  world  (lanelli  et  al.7). 
The  stock  would  require  a decrease  in  age-composition 
sample  size  if  the  results  of  the  current  study  were 
implemented  in  the  AFSC  bottom  trawl  age-sampling 
design.  Including  value  into  the  sampling  theory  meth- 
od has  not  been  previously  explored  but,  mathemati- 
cally speaking,  it  could  be  implemented  in  a similar 
manner  to  that  of  cost.  It  is  more  challenging,  however, 
to  determine  how  age  sample  size  affects  the  potential 
value  of  a fishery  The  results  of  the  simulation  analy- 
sis show  that  changing  sample  size  in  age  composition 
affects  the  resulting  uncertainty  in  an  SCAA  model. 
Methods  have  been  proposed  that  would  take  into  ac- 
count uncertainty  when  setting  management  quantities 
such  that  when  uncertainty  in  SCAA  model  results  in- 
crease, the  harvest  target  rate  decreases  to  account  for 
this  uncertainty  (Prager  and  Shertzer,  2010).  The  east- 
ern BS  pollock  assessment  employs  a buffer  based  on 
the  uncertainty  of  the  estimation  of  the  harvest  target. 
Therefore,  if  sample  sizes  were  decreased  and  SCAA 
model  uncertainty  increased  substantially,  the  peter- 


7 lanelli,  J.  N.,  T.  Honkalehto,  S.  Barbeaux,  and  S.  Kotwicki. 
2015.  Assessment  of  the  walleye  pollock  stock  in  the  East- 
ern Bering  Sea.  In  Stock  assessment  and  fishery  evalua- 
tion report  for  the  groundfish  resources  of  the  Bering  Sea / 
Aleutian  Islands  regions.  North  Pacific  Management  Council, 
Anchorage,  AK.  [Available  from  website.] 


tial  value  of  the  fishery  could  decrease.  A more  rigorous 
analysis  of  value  would  have  to  include  the  numerous 
other  factors  that  are  a part  of  the  overall  value  of 
a fishery  (e.g.,  a decrease  in  quota  could  increase  the 
price  per  kilogram  or  increase  long-term  value).  Age- 
composition  sample  size  may  indeed  be  a very  small 
factor  in  terms  of  value,  but  value  is  unquestionably 
one  of  the  main  factors  influencing  how  age-composi- 
tion sample  sizes  are  currently  allocated  by  the  AFSC. 

The  simulation  analyses  with  the  SCAA  model  pro- 
vide guidance  on  the  factors  to  consider  when  adjust- 
ing age-composition  sample  sizes  in  a multispecies 
data  collection  program.  The  results  suggest  that  life- 
history  and  survey  index  uncertainty  play  key  roles  in 
determining  the  magnitude  of  influence  that  changing 
age-composition  sample  size  has  on  SCAA  model  uncer- 
tainty The  results  of  the  simulation  analysis  indicated 
that  age-composition  sample  size  has  a greater  impact 
on  the  resulting  uncertainty  in  SCAA  models  for  spe- 
cies with  high  recruitment  variability  or  low  survey  in- 
dex uncertainty,  or  both.  In  contrast,  for  species  with 
low  recruitment  variability  or  high  survey  index  uncer- 
tainty, or  both,  changes  in  age-composition  sample  size 
have  a smaller  influence  on  the  resulting  uncertainty 
from  a SCAA  model.  Returning  to  the  eastern  BS  wall- 
eye pollock  example,  the  recruitment  variability  of  this 
stock  is  higher  than  that  of  most  species,  and  it  has 
intermediate  survey  index  uncertainty  (intermediate 
between  rockfish  and  flatfish  species);  therefore,  de- 
creasing age-composition  sample  size  would  potentially 
have  a larger  impact  than  decreasing  sample  size  for  a 
flatfish  species,  for  example,  that  has  lower  recruitment 
variability  and  low  survey  index  uncertainty. 

To  isolate  the  effect  of  the  fishery-independent  sur- 
vey data  sources  (index  and  age  composition)  we  made 
several  simplifying  assumptions  in  our  simulation. 
These  involved  including  process  and  observation  er- 
ror in  the  fishery  data  sources  (e.g.,  different  catch  his- 
tories and  different  levels  of  uncertainty  in  the  catch 
data)  which  would  also  influence  the  uncertainty  re- 
sulting from  an  SCAA  model  and  could  decrease  the 
relative  influence  of  the  fishery-independent  survey 
data  sources.  An  additional  consideration  that  was 
not  made  in  our  simulation  is  the  potential  for  gaps 
in  the  fishery-independent  survey  data  (which  is  the 
case  for  the  AI  and  GOA  bottom  trawl  survey  data) 
and  how  that  influences  age-composition  sample  size 
in  the  resulting  SCAA  model  uncertainty  The  strength 
of  the  relationships  between  increasing  or  decreasing 
age-composition  sample  size  and  recruitment  vari- 
ability and  survey  index  uncertainty  is  possibly  due 
to  the  simplifying  assumptions  made  in  the  simula- 
tion analysis.  Although,  magnitudes  in  changes  to  the 
SCAA  model  uncertainty  could  be  different  with  the 
use  of  more  sophisticated  simulations,  we  hypothesize 
that  these  correlations  may  be  qualitatively  the  same 
regardless  of  the  complexity  of  the  simulation  analysis. 
We  recommend  that  future  research  into  investigating 
the  influence  of  age-composition  sample  size  on  SCAA 
model  results,  and  how  that  relates  to  optimal  distri- 
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bution  of  sample  size  across  species,  should  be  under- 
taken with  more  complex  simulation  analyses  than  the 
scope  of  this  article  allows. 

We  have  attempted  to  synthesize  the  use  of  sam- 
pling theory  with  SCAA  model  simulation  analyses  to 
address  2 primary  questions:  1)  how  to  distribute  age- 
composition  sample  sizes  across  species,  and  2)  what  is 
the  effect  on  SCAA  model  uncertainty  by  increasing  or 
decreasing  age-composition  sample  size  for  species  with 
different  life  histories.  In  addressing  the  first  question, 
if  a goal  of  sampling  is  to  obtain  age  compositions  with 
a similar  degree  of  uncertainty  across  species,  the  sam- 
ple sizes  should  be  distributed  on  the  basis  of  life-his- 
tory characteristics,  in  particular  growth  rates.  In  ad- 
dressing question  2,  at  the  same  time  one  should  keep 
in  mind  that  the  relationship  between  age-composition 
sample  size  and  resulting  SCAA  model  uncertainty  can 
be  disproportionate  because  of  species-specific  charac- 
teristics, and  is  related  to  the  recruitment  variability 
and  survey  index  uncertainty  of  the  species  modeled. 
We  had  to  make  several  simplifying  assumptions  be- 
cause of  the  breadth  of  the  topic  of  optimal  distribution 
of  age-composition  sample  size  across  species.  It  is  due 
to  these  simplifying  assumptions  that  we  are  reluctant 
to  suggest  absolute  ranges  of  age  sample  sizes  for  each 
species,  but  we  do  contend  that  there  are  life-history 
characteristics,  in  particular  growth,  that  can  be  con- 
sidered when  discussing  the  distribution  of  sample 
size.  Optimal  allocation  of  sample  size  has  historically 
been  an  extremely  important  topic,  although  not  one 
that  has  received  attention  in  the  literature.  As  fisher- 
ies research  resources  appear  to  be  shifting  away  from 
traditional  survey  and  stock  assessments  toward  pro- 
cess studies,  government  agencies  will  continue  to  seek 
guidance  for  current  allocation  strategies.  We  suggest 
that  future  developments  be  focused  on  developing  both 
sampling  theory  to  take  into  account  various  aspects  of 
sampling  that  currently  are  not  considered  and  more 
sophisticated  simulation  analyses  with  SCAA  models  to 
place  the  discussion  of  sample  size  distribution  across 
species  in  terms  of  risk  of  overfishing,  accuracy  of  re- 
sults, and  value  to  managers  and  stakeholders. 

Acknowledgments 

We  would  like  to  thank  P.  Malecha,  J.  Heifetz,  and 
P.  Spencer  for  helpful  comments  and  advice.  We  also 
thank  J.  Short  for  providing  the  reader-tester  data 
to  determine  aging  error.  Three  anonymous  reviews 
also  helped  make  substantial  improvements  to  this 
manuscript. 

Literature  cited 

Baranov,  F.  I. 

1918.  On  the  question  of  the  biological  basis  of  fisher- 
ies. Nauchn.  Issled.  Ikhtiol.  Inst.  Izv.  1:81-128.  [In 
Russian.] 


Doubleday,  W.  G. 

1976.  A least-squares  approach  to  analyzing  catch  at 
age  data.  Int.  Comm.  Northw.  Atl.  Fish.,  Res.  Bull. 
12:69-81. 

Fournier,  D.  A.,  H.  J.  Skaug,  J.  Ancheta,  J.  Ianelli,  A.  Magnus- 
son,  M.  N.  Maunder,  A.  Nielsen,  and  J.  Sibert. 

2012.  AD  Model  Builder:  using  automatic  differentia- 
tion for  statistical  inference  of  highly  parameterized 
complex  nonlinear  models.  Optim.  Methods  Softw. 
27:233-249. 

Francis,  R.  I.  C.  C. 

2011.  Data  weighting  in  statistical  fisheries  stock  assess- 
ment models.  Can.  J.  Fish.  Aquat.  Sci.  68:1124-1138. 

Heifetz,  J.,  D.  Anderi,  N.  E.  Maloney,  and  T.  L.  Rutecki. 

1998.  Age  validation  and  analysis  of  aging  error  from 
marked  and  recaptured  sablefish,  Anoplopoma  fim- 
bria. Fish.  Bull.  97:256-263. 

Hulson,  P.-J.  F.,  D.  H.  Hanselman,  and  T.  J.  Quinn  II. 

2011.  Effects  of  process  and  observation  errors  on  effec- 
tive sample  size  of  fishery  and  survey  age  and  length 
composition  using  variance  ratio  and  likelihood  meth- 
ods. ICES  J.  Mar.  Sci.  68:1548-1557. 

2012.  Determining  effective  sample  size  in  integrated  age- 
structured  assessment  models.  ICES  J.  Mar.  Sci.  69:281- 
292. 

Lai,  H.-L. 

1987.  Optimum  allocation  for  estimating  age  composition 
using  age-length  key.  Fish.  Bull.  85:179-185. 

Lauth,  R.  R.,  and  J.  Conner. 

2014.  Results  of  the  2011  eastern  Bering  Sea  continental 
shelf  bottom  trawl  survey  of  groundfish  and  invertebrate 
cauna.  NOAA  Tech.  Memo.  NMFS-AFSC-266,  176  p. 

Maunder,  M.  N., 

2011.  Review  and  evaluation  of  likelihood  functions  for 
composition  data  in  stock-assessment  models:  estimat- 
ing the  effective  sample  size.  Fish.  Res.  109:311-319. 

Maunder,  M.  N.,  and  A.  E.  Punt. 

2013.  A review  of  integrated  analysis  in  fisheries  stock 
assessment.  Fish.  Res.  142:61-74. 

McAllister,  M.  K.,  and  J.  N.  Ianelli. 

1997.  Bayesian  stock  assessment  using  catch-age  data  and 
the  sampling-importance  resampling  algorithm.  Can.  J. 
Fish.  Aquat.  Sci.  54:284—300. 

Pennington,  M.,  and  J.  H.  Vplstad. 

1994.  Assessing  the  effect  of  intra-haul  correlation  and 
variable  density  on  estimates  of  population  characteris- 
tics from  marine  surveys.  Biometrics  50:725-732. 

Pennington,  M.,  L.-M.  Burmeister,  and  V.  Hjellvik. 

2002.  Assessing  the  precision  of  frequency  distribu- 
tions estimated  from  trawl-survey  samples.  Fish.  Bull. 
100:74-80. 

Prager,  M.H.,  and  K.  W.  Shertzer. 

2010.  Deriving  acceptable  biological  catch  from  the  over- 
fishing limit:  implications  for  assessment  models.  North 
Am.  J.  Fish.  Manage.  30:289-294. 

Quinn,  T.  J.,  II,  and  R.  B.  Deriso. 

1999.  Quantitative  fish  dynamics,  542  p.  Oxford  Univ. 
Press,  New  York. 

Raring,  N.  W.,  P.  G.  von  Szalay,  F.  R.  Shaw,  M.  E.  Wilkins,  and 
M.  H.  Matrin. 

2011.  Data  report:  2001  Gulf  of  Alaska  bottom  trawl  sur- 
vey. NOAA  Tech.  Memo.  NMFS-AFSC-225,  179  p. 


342 


Fishery  Bulletin  115(3) 


Richards,  L.  J.,  J.  T.  Schnute,  A.  R.  Kronlund,  and  R.  J. 
Beamish. 

1992.  Statistical  models  for  the  analysis  of  aging  er- 
ror. Can.  J.  Fish.  Aquat.  Sci.  49:1801-1815. 

Ricker,  W.  E. 

1975.  Computation  and  interpretation  of  biological  sta- 
tistics of  fish  populations.  Bull.  Fish.  Res.  Board  Can. 
191,  382  p. 

Schweigert,  J.  F.,  and  J.  R.  Sibert. 

1983.  Optimizing  survey  design  for  determining  age  struc- 


ture of  fish  stocks:  an  example  from  British  Columbia 
Pacific  herring  ( Clupea  harengus  pallasi).  Can.  J.  Fish. 
Aquat.  Sci.  40:588-597. 
von  Bertalanffy,  L. 

1938.  A quantitative  theory  of  organic  growth  (inquiries  on 
growth  laws.  II).  Human  Biol.  10:181-213. 
von  Szalay,  P.  G.,  C.  N.  Rooper,  N.  W.  Raring,  and  M.  H.  Martin. 

2011.  Data  report:  2010  Aleutian  Islands  bottom  trawl  sur- 
vey. NOAA  Tech.  Memo.  NMFS-AFSC-215,  153  p. 


343 


National  Marine 
Fisheries  Service 

NOAA 


Fishery  Bulletin 

fb>  established  in  1881  •<?. 


Spencer  F.  Baird 
First  U.S.  Commissioner 
of  Fisheries  and  founder 
of  Fishery  Bulletin 


Quantifying  the  behavior  of  fish  in  response  to  a 
moving  camera  vehicle  by  using  benthic  stereo 
cameras  and  target  tracking 


Email  address  for  contact  author:  dsomerton4@gmail.com 

1 Resource  Assessment  and  Conservation  Engineering  Division 
Alaska  Fisheries  Science  Center 

National  Marine  Fisheries  Service,  NOAA 
7600  Sand  Point  Way  NE 
Seattle,  Washington  98115 

2 Mississippi  Laboratories 
Southeast  Fisheries  Science  Center 
National  Marine  Fisheries  Service,  NOAA 
3209  Frederic  Street 

Pascagoula,  Mississippi  39567 


Abstract— ’Underwater  cameras  in- 
creasingly are  being  used  on  remote- 
ly operated,  autonomous,  or  towed 
vehicles  to  provide  fishery-indepen- 
dent  survey  data  in  areas  unsuitable 
for  bottom  trawls.  To  observe  and 
quantify  avoidance  and  attraction 
behaviors  of  fish  to  these  vehicles, 
we  developed  an  observational  test 
bed  consisting  of  3 benthic  stereo 
cameras,  set  in  a straight  line,  on 
a coral  reef  in  the  Gulf  of  Mexico. 
During  one  pass  of  a towed  camera 
vehicle,  one  of  the  benthic  cameras 
viewed  a school  of  vermilion  snap- 
per ( Rhomboplites  aurorubens ) that 
exhibited  a variety  of  avoidance  be- 
haviors. Stereo  analysis  was  used  to 
position  some  these  fish,  and  target 
tracking  was  used  to  estimate  their 
swimming  performance  and  school- 
ing characteristics  for  each  second 
from  the  time  the  research  vessel 
had  passed  the  benthic  cameras  to 
the  time  of  arrival  of  the  towed  un- 
derwater vehicle.  The  fish  showed 
little  reaction  to  the  tow  vessel 
but  responded  to  the  tow  cable  by 
swimming  laterally  and  downward, 
then  rapidly  increased  their  swim- 
ming speed  and  avoidance  behavior 
when  the  towed  vehicle  came  into 
view.  The  use  of  observational  test 
beds,  stereo  photography,  and  target 
tracking  allows  quantification  of  the 
avoidance  response  and  provides  a 
means  to  determine  which  stimuli 
produced  by  the  sampling  process 
elicit  fish  avoidance  behaviors. 
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For  most  commercial  and  recreation- 
al marine  fish  species  in  the  United 
States,  bottom  trawl  surveys  provide 
fishery-independent  indices  of  abun- 
dance needed  for  stock  assessment 
modeling.  However,  bottom  trawl  sur- 
veys cannot  be  used  in  areas  that  are 
too  steep  or  rocky,  have  fragile  epib- 
enthos,  such  as  coral,  or  are  legally 
closed  to  trawling.  As  an  alternative 
to  bottom  trawling  in  such  areas,  op- 
tical assessment  increasingly  is  being 
used,  especially  with  the  use  of  cam- 
era systems  on  stationary  platforms 
(Campbell  et  al.,  2015)  or  mobile 
platforms,  such  as  remotely  operated 
vehicles  (Adams  et  al.,  1995),  autono- 
mous underwater  vehicles  (Clarke  et 
al.,  2009),  towed  vehicles  (Lembke  et 
al.,  2013),  and  manned  submersibles 
(Yoklavich  et  al.,  2007). 

One  concern  that  has  been  raised 
about  fish  density  or  abundance  esti- 
mates produced  by  such  camera  sys- 
tems is  that  they  could  be  biased  as 
a result  of  attraction,  avoidance,  and 
incomplete  detection  of  fish  (Trenkel 
et  al.,  2004;  Stoner  et  al.,  2008;  Ryer 


et  ah,  2009;  McIntyre  et  al.,  2015). 
Studies  have  addressed  such  sam- 
pling bias  by  quantifying  fish  behav- 
ior as  seen  from  the  camera  vehicles 
themselves.  (Lorance  and  Trenkel, 
2006;  Yoklavich  et  al.,  2007)  or  by 
estimating  the  relative  sampling  ef- 
ficiency of  different  camera  vehicles 
(Laidig  et  al.,  2013).  However,  there 
have  been  few  attempts  to  obtain  in- 
dependent estimates  of  sampling  ef- 
ficiency of  camera  vehicles  or  to  con- 
duct in  situ  observational  studies  of 
fish  behavior  in  response  to  camera 
vehicles  by  using  an  independent  ob- 
servational method  that  is  unlikely 
to  elicit  behavioral  responses. 

Similar  concerns  about  sampling 
efficiency  have  been  raised  concern- 
ing survey  bottom  trawls.  However, 
bottom  trawls  have  been  in  use  much 
longer  than  camera  vehicles,  and  a 
variety  of  techniques  have  been  de- 
veloped to  estimate  components  of 
trawl  sampling  bias,  such  as  herding 
(Engas  and  Godp,  1989a)  and  escape- 
ment under  the  footrope  (Engas  and 
God0,  1989b).  In  some  cases,  these 
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techniques  have  been  applied  to  estimate  the  size 
selectivity  of  a survey  trawl  (Somerton  et  al.,  2007) 
and  even  of  the  absolute  catchability  of  a trawl  sur- 
vey (Somerton  et  al.,  2013).  Estimating  the  sampling 
efficiency  of  a survey  method  or  the  catchability  of  a 
survey  can  be  important  for  stock  assessments  because 
estimates  of  these  quantities  can  be  incorporated  into 
stock  assessment  models  (Maunder  and  Punt,  2013)  as 
Bayesian  priors  to  improve  model  reliability.  Inclusion 
of  such  priors  in  stock  assessment  models  is  especially 
important  for  developing  surveys,  like  those  envisioned 
for  camera  vehicles,  because  the  survey  time  series  will 
initially  be  too  short  to  adequately  inform  the  model 
(Somerton  et  al.,  1999). 

To  help  develop  methods  for  estimating  the  sam- 
pling efficacy  of  camera  vehicles  and  to  understand 
better  the  stimuli  produced  by  these  vehicles  that  may 
influence  sampling  efficiency,  the  U.S.  National  Marine 
Fisheries  Service  initiated  the  Untrawlable  Habitat 
Strategic  Initiative,  which  conducts  experiments  to  ob- 
serve and  quantify  the  reactions  of  fish  to  remotely  op- 
erated vehicles,  autonomous  underwater  vehicles,  and 
towed  camera  vehicles.  For  the  first  experiment,  which 
is  considered  here,  an  observational  test  bed  was  de- 
veloped that  consisted  of  unlit,  bottom-mounted  stereo 
cameras  set  in  shallow,  clear  water  to  unobtrusively  ob- 
serve the  responses  of  fish  to  various  types  of  camera 
vehicles.  The  study  site  was  a sponge  and  soft  coral 
reef  that  is  situated  in  the  northeastern  Gulf  of  Mexico 
and  is  inhabited  by  a variety  of  tropical  fishes,  includ- 
ing several  species  of  snappers  and  groupers  important 
to  commercial  and  recreational  fisheries  (Coleman  et 
al.1). 

Several  independent  strategies  were  used  to  quan- 
tify the  responses  of  fish.  One  of  these  was  to  mea- 
sure changes  in  the  relative  density  of  fish  in  the  area 
viewed  by  single  cameras  (Campbell2)  and  by  DID- 
SON3  imaging  sonars  (Sound  Metrics,  Bellevue,  WA) 
(Wakefield4)  as  the  benthic  cameras  were  approached 
by  camera  vehicles.  Another  strategy,  described  here, 
was  to  quantitatively  assess  fish  behavior  in  response 
to  the  camera  vehicles  by  using  stereo  images  to  re- 
peatedly measure  the  3-dimensional  positions  of  indi- 
vidual fish  over  time  (i.e.,  target  tracking).  This  type  of 
information,  in  turn,  allowed  measurement  of  changes 
in  swimming  speed  and  direction  of  individual  fish  as 


1 Coleman,  F.,  G.  Dennis,  W.  Jaap,  G.  P.  Schmahl,  C.  Koenig, 
S.  Reed,  and  C.  Beaver.  2004.  Part  I:  Status  and  trends 
in  habitat  characterization  of  the  Florida  Middle  Grounds. 
Final  report  to  the  National  Oceanic  and  Atmospheric  Ad- 
ministration Coral  Reef  Conservation  Grant  Program,  135 
p.  [Available  from  website. 

2 Campbell,  M.  D,  2016.  Unpubl.  data.  Mississippi  Labora- 
tories, Southeast  Fish.  Sci.  Cent.,  Natl.  Mar.  Fish.  Serv.,  3209 
Frederic  St.  Pascagoula,  MS  39567. 

3 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 

4 Wakefield,  W.  W.,  II.  2015.  Unpubl.  data.  Newport  Facil- 
ity, Northwest  Fish.  Sci.  Cent.,  Natl.  Mar.  Fish.  Serv.,  2032 
SE  OSU  Dr.,  Newport,  OR  97365-5275. 


well  as  attributes  of  school  structure  indicative  of  their 
behavioral  state. 

Target  tracking  methods  have  been  used  previously 
to  quantify  changes  in  fish  behavior  in  several  settings. 
For  laboratory  studies,  stereo  photography  has  been 
used,  with  both  target  tracking  and  other  analytical 
techniques,  to  quantify  the  movement  of  individual  fish 
and  the  coordinated  movement  of  fish  schools  (Tien  et 
al.,  2004;  Viscido  et  al.,  2004).  For  in  situ  studies,  sev- 
eral acoustic  methods  have  been  used  for  target  track- 
ing. These  methods  include  the  use  of  buoy-mounted, 
split-beam  sonars  to  track  the  avoidance  of  fishing 
vessels  or  bottom  trawls  by  individual  cod  (Handegard 
and  Tjpstheim,  2005)  and  the  use  of  DIDSON  imaging 
sonars  to  track  the  escapement  of  individual  walleye 
pollock  ( Gadus  chalcogrammus ) from  a pelagic  trawl 
(Williams  et  al.,  2013).  Optical  methods  are  rarely  used 
for  aquatic  in  situ  experiments  because  1)  water  clar- 
ity typically  limits  the  feasible  range  that  cameras  can 
image  objects  and  2)  artificial  lighting,  which  can  itself 
alter  fish  behavior,  is  needed  in  other  than  very  shal- 
low water. 

Our  initial  intention  was  to  use  optical  target  track- 
ing on  several  species  of  snappers  and  groupers  that 
are  relatively  solitary,  benthic-oriented,  and  com- 
monly seen  in  the  study  area.  However,  at  one  loca- 
tion, a school  of  vermilion  snapper  ( Rhomboplites  au- 
rorubens ) was  viewed  repeatedly  by  the  benthic  stereo 
cameras,  and,  during  one  pass  of  the  towed  camera 
vehicle  (Lembke  et  al.,  2013),  the  school  was  viewed 
during  the  entire  period  between  the  transits  of  the 
tow  vessel  and  the  camera  vehicle.  Here  we  focus  on 
this  single  observation  of  a schooling  species  rather 
than  on  our  more  numerous  observations  on  solitary 
species  because  our  intent  is  to  demonstrate  that  in 
situ  optical  target  tracking  with  stereo  cameras  can  be 
used  to  quantify  changes  in  individual  and  group  be- 
haviors that  are  often  associated  with  predator  avoid- 
ance (Parrish  et  al.,  2002;  Viscido  et  al.,  2004)  are  also 
displayed  in  response  to  a camera  vehicle.  To  aid  the 
development  of  stealthier  camera  vehicles,  we  consider 
the  linkages  between  these  behavioral  changes  and  the 
stimuli  produced  by  the  camera  vehicle  and  its  tow  ves- 
sel that  could  have  triggered  the  changes.  In  addition, 
we  provide  an  example  of  how  target  tracking  can  be 
used  to  estimate  sampling  efficiency  of  camera  vehicles. 

Materials  and  methods 

Description  of  the  study 

The  experiment  was  conducted  from  17  through  19  July 
2014  on  the  Florida  Middle  Grounds,  which  is  a reef 
of  calcareous  sponges  and  soft  corals  situated  in  the 
northeast  Gulf  of  Mexico  (Coleman  et  al.1;  Wakefield4). 
This  reef  has  a relatively  flat  top,  at  a depth  range  of 
23-32  m,  and  steep  slopes.  The  highest  fish  abundance 
and  diversity  concentrated  near  the  junction  of  the  reef 
top  and  slope.  The  target  species,  vermilion  snapper,  is 
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Figure  1 

Photographs  of  (A)  an  observation  cage,  containing  the  Modular  Optical  Underwater  Survey  System,  a DIDSON  imaging 
sonar  (black  rectangular  box),  and  the  bridles  used  to  attach  the  cage  to  the  longline  (yellow  lines  at  the  top),  and  (B)  the 
camera-based  assessment  survey  system  (C-BASS)  towed  camera  vehicle  shown  before  being  launched  from  the  stern  of 
the  RV  Pelican.  The  cage  and  camera  vehicle  were  used  in  an  experiment  conducted  in  July  2014  in  the  northeast  Gulf  of 

Mexico. 


an  important  commercial  and  recreational  species  and 
is  a dominant  component  of  the  reef  fish  assemblage 
in  the  southeastern  United  States.  During  the  night, 
vermilion  snapper  forage  on  planktonic  and  benthic 
prey  on  both  reefs  and  their  adjacent  sand  flats.  How- 
ever, during  the  day,  they  are  reported  to  form  resting 
schools  on  the  tops  of  reefs  (Grimes,  1979;  Sedberry 
and  Cuellar,  1993).  Viewed  from  our  cameras,  the  be- 
havior of  the  school  of  vermilion  snapper  in  the  study 
area  was  consistent  with  this  notion. 

To  quantify  changes  in  fish  behavior,  an  observa- 
tional test  bed  was  set  up  at  select  locations  on  a daily 
basis.  The  test  bed  consisted  of  3 observation  cages 
(Fig.  1)  measuring  94  cm  wide,  94  cm  long,  and  67  cm 
high.  The  cages  were  attached  at  61  m intervals  along 
a groundline  with  anchors  and  buoy  lines  at  each  end 
of  the  groundline  separated  by  61  m from  the  nearest 
cage  (Wakefield4).  The  groundline  was  set  off  the  stem 
of  the  tow  vessel  (RV  Pelican)  under  tension,  from  an- 
chor to  anchor,  so  that  the  line  was  straight  and  all 
camera  cages  had  the  same  general  geographic  orien- 
tation. Each  of  the  cages  had  an  unlit,  monochrome 
stereo  camera  system,  known  as  the  Modular  Optical 
Underwater  Survey  System,  equipped  with  2 Prosilica 
GT  1920  cameras  with  2.82-MP  resolution  (Allied  Vi- 
sion Technologies,  Stadtroda,  Germany)  that  were  rig- 
idly attached  to  an  aluminum  frame  with  a baseline 
separation  of  approximately  75  cm.  Once  filming  was 
initiated,  synchronized  stereo  photos  were  taken  at  5 
Hz  continuously  for  up  to  8 h.  In  addition,  each  cage 
contained  a dual-frequency  acoustic  imaging  system 
(DIDSON;  Belcher,  2002),  and  the  2 end  cages  also 
contained  a long  baseline  acoustic  beacon  to  obtain  in- 


formation on  cage  position  and  to  aid  navigation  of  the 
vehicles  to  within  visual  range  of  the  camera  cages. 

The  towed  camera  vehicle  used  in  the  experiment 
collected  both  video  and  still  optical  imagery  with  for- 
ward- and  side-mounted  cameras  that  were  angled 
downward  approximately  45°  from  level  and  illumi- 
nated with  4 continuous  85-W  LED  lights.  The  camera 
vehicle  frame  measured  1.2  m wide  by  0.7  m tall  by 
1.7  m long  and  was  designed  to  be  towed  at  approxi- 
mately 1.8  m/s  with  a target  off-bottom  distance  of  2.5 
m (Fig.  1;  Lembke  et  ah,  2013).  The  towing  cable  was 
standard  10.8-mm  hydrographic  wire  that  passed  over 
an  A-frame  along  the  centerline  of  the  vessel.  At  the 
depths  in  the  experimental  area  and  at  a towing  speed 
of  1. 5-2.0  m/s,  the  camera  vehicle  trailed  behind  the 
vessel  by  -40-50  m. 

At  each  sampling  site,  the  observation  cages  were 
deployed,  then  the  positions  of  the  end  cages  were  es- 
timated by  using  a long-baseline  system  after  circling 
the  entire  array  with  the  vessel.  Approximately  1-2  h 
after  cage  deployment,  depending  on  the  time  required 
to  obtain  quality  positions,  the  camera  vehicle  was 
launched  and  towed  near  the  cages  with  a target  hori- 
zontal distance  of  3-5  m at  closest  approach  to  each 
camera.  Towing  always  occurred  in  the  same  direction 
when  the  camera  vehicle  passed  by  the  cages,  and  rep- 
licate passes  were  separated  in  time  by  -20-25  min. 

Stereo  camera  calibration 

Accuracy  of  estimates  of  fish  position  depend  on  the 
quality  and  precision  of  the  calibration  of  the  stereo 
camera.  Calibration  of  the  Modular  Optical  Underwa- 
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ter  Survey  System  cameras  proceeded  according  to  the 
methods  described  in  Williams  et  al.  (2010,  2013)  with 
the  Camera  Calibration  Toolbox  for  Matlab  (Bouguet, 
2014).  Calibration  images  of  a submerged  (freshwater) 
checkerboard  test  pattern  (9  by  7 matrix  of  108-mm 
squares)  were  captured  by  each  camera  of  the  Modu- 
lar Optical  Underwater  Survey  System  at  a distance 
of  about  3 m.  The  checkerboard  was  tilted  and  rotated 
along  all  3 axes  into  25  poses,  which  were  held  station- 
ary for  ~5  s.  Paired  stereo  images  were  later  viewed 
and  1 paired  image  from  ~25  paired  images  in  each 
pose  was  selected  for  analysis  on  the  basis  of  image 
clarity  and  the  required  presence  of  all  4 corners  of 
the  checkerboard  in  both  images.  By  using  the  camera 
calibration  software,  each  of  the  paired  images  was  se- 
quentially displayed,  and  the  4 external  corners  of  each 
checkerboard  image  were  manually  identified.  This  in- 
formation was  then  used  to  estimate  the  optical  distor- 
tion of  each  camera  and  the  translation  and  relative 
rotation  of  the  camera  pair  to  define  a measurement 
coordinate  system. 

Once  calibrated,  the  3-dimensional  position  within 
this  coordinate  system  can  be  determined  for  any  ob- 
ject in  the  joint  (i.e.  overlapping)  field  of  view  of  the 
stereo  cameras.  The  axes  of  this  coordinate  system  are 
the  y-axis,  increasing  monotonically  with  distance  from 
the  lens  of  the  left  camera  (optical  axis),  and  the  x-axis 
and  z-axis,  which  are  measured  perpendicular  to  the 
y-axis  in  the  horizontal  (positive  to  the  left,  as  seen  by 
the  camera)  and  the  vertical  planes  (positive  upwards). 

Measuring  fish  positions 

Fish  positions  were  measured  from  images  recorded 
during  2 time  periods.  The  first  time  period  (disturbed 
case)  consisted  of  a 22-s  period  between  the  time  when 
the  tow  vessel  was  at  its  shortest  distance  to  the  ben- 
thic camera  (i.e.,  passage  time)  and  the  time  when  the 
camera  vehicle  just  entered  the  field  of  view  of  the 
benthic  camera  and  the  last  tracked  vermilion  snap- 
per completely  exited  the  field  of  view.  The  second  time 
period  (undisturbed  case)  consisted  of  a 10-s  period 
taken  20  min  after  the  previous  vessel  passage  time 
(an  interval  which  was  assumed  to  be  sufficiently  long 
to  allow  disturbed  fish  to  return  to  their  undisturbed 
state)  and  5 min  before  the  passage  time  of  the  dis- 
turbed case.  During  the  2 cases,  the  same  school  was 
viewed  with  the  same  camera  under  nearly  identical 
viewing  conditions;  consequently  the  cases  were  essen- 
tially one  sequence  with  a 5-min  break  to  reduce  video 
processing  time. 

For  each  of  these  2 periods,  paired  stereo  images 
were  processed  as  follows.  During  each  second,  5 ste- 
reo paired  frames  were  collected,  but  only  frames  2-4 
were  used  to  estimate  fish  position  (although  fish  posi- 
tion in  each  second  can  be  estimated  with  only  a single 
frame,  estimation  of  swimming  velocity  required  3 suc- 
cessive frames).  Starting  with  the  first  of  these  frames, 
25  fish  were  selected  at  progressively  increasing  dis- 
tances from  the  camera.  Each  fish  was  then  followed 


and  positioned  (i.e.,  x,  y,  z coordinates)  sequentially 
through  the  3 frames  by  using  the  Stereo  Tracker  ste- 
reo measurement  software  (Fig.  2;  Williams  et  al.5)  and 
techniques  described  in  Williams  et  al.  (2010,  2013).  In 
all  cases,  the  fish  snout  was  used  as  the  reference  fea- 
ture for  measurement  because  it  was  the  easiest  fea- 
ture to  consistently  locate.  Therefore,  for  each  second, 
in  both  the  disturbed  and  the  undisturbed  cases,  the 
data  available  for  target  tracking  were  the  x,  y,  and 
z coordinate  positions  of  25  fish  individually  followed 
through  3 successive  frames.  To  reduce  the  influence  of 
possible  random  measurement  errors,  these  data  were 
smoothed  by  fitting  a straight  line  to  the  3 positions 
of  each  fish  on  each  coordinate  axis  as  a function  of 
time  (function  1m  in  R statistical  software,  vers.  3.3.1; 
[R  Core  Team,  2016]),  then  by  using  the  fitted  model 
to  predict  the  positions  at  the  3 times.  The  position  of 
each  fish  during  each  second  was  subsequently  based 
on  its  smoothed  position  during  the  second  frame. 

Distance  off  the  bottom 

Because  the  benthic  cameras  imaged  the  bottom,  as 
well  as  the  fish,  from  a fixed  position,  it  was  possible  to 
construct  a topographical  map  of  the  bottom  expressed 
in  the  same  coordinate  system  as  that  used  to  view  the 
fish  and  then  to  use  this  map  to  determine  the  distance 
of  each  fish  from  the  bottom.  First,  the  coordinates  of 
30  locations  on  the  bottom  were  measured  with  the 
software,  and  then  a topographic  map  of  the  bottom 
was  estimated  by  fitting  the  z coordinates  of  these  posi- 
tions as  a smooth  function  of  the  x and  y coordinates 
by  using  generalized  additive  modeling  (function  gam 
in  the  mgcv  package  for  R).  The  fitted  function  was 
then  used  to  predict  the  z coordinate  of  the  bottom  at 
the  x and  y coordinates  of  every  fish  position,  and  that 
z coordinate,  when  negated  and  added  to  the  z coordi- 
nate of  the  fish  itself,  produced  the  distance  off  bottom 
( d ) in  each  frame  for  every  fish.  The  group  distance  off 
bottom  ( D ) during  each  second  was  then  calculated  as 
the  mean  of  the  d values  for  all  the  fish  in  the  group. 

Tracking  the  camera  vehicle  to  determine  its  sampling  path 

The  stereo  cameras  were  used  to  position  the  forward, 
right-hand  corner  of  the  camera  vehicle  frame  at  3 
times  during  its  passage  through  the  field  of  view  of 
the  benthic  camera  to  calculate  its  trajectory  on  the 
horizontal  plane.  The  trajectory,  which  was  assumed  to 
follow  a straight  line,  was  estimated  by  fitting  straight 
lines  to  the  x and  y coordinates  individually  as  a func- 
tion of  time.  Because  the  trajectory  was  nearly  paral- 
lel to  the  x-axis,  the  trajectory  of  the  camera  vehicle 
center  line  was  estimated  by  adding  the  half  width  of 


5 Williams,  K.,  R.  Towler,  P.  Goddard,  R.  Wilborn,  and  C.  Roop- 
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Figure  2 

Screen  shot  of  a session  in  Stereo  Tracker  (Williams  et  al.5),  the  software  used  for  tracking  a school  of  vermilion 
snapper  ( Rhomboplites  aurorubens ) in  2014  in  the  northeast  Gulf  of  Mexico.  The  upper  2 frames  show  the  paired 
images  from  the  previous  time  interval;  the  lower  frames  show  the  paired  images  for  the  current  time  interval.  All 
previously  measured  fish  are  indicated  with  red  diamonds,  and  the  fish  being  tracked  is  indicated  with  a green  circle 
to  ease  identification  of  the  same  fish  across  time  intervals. 


the  vehicle  frame  (0.6  m)  to  the  y coordinates.  The  dis- 
tal and  proximal  edges  of  the  vehicle  sampling  path, 
spanning  the  width  of  the  area  for  counting  fish,  were 
then  calculated  as  the  center  line  path  (±  the  approxi- 
mate half  width  of  the  estimated  field  of  view  of  the 
vehicle  [~3.7  m]).  The  sampling  path  was  used,  in  con- 
junction with  the  measured  fish  positions  on  the  hori- 
zontal plane,  to  determine  whether  vermilion  snapper 
occupied  the  sampling  path  prior  to  the  arrival  of  the 
camera  vehicle  and,  if  so,  when  they  left  the  path. 

Individual  velocity,  mean  speed,  and  direction  of  swim- 
ming Individual  swimming  velocity  (Vj)  in  each  coor- 
dinate direction  (Vxj,  Vyj,  Vzj)  was  calculated  for  each 
fish  (indexed  by  j)  during  each  second  as  the  difference 
in  the  smoothed  beginning  and  ending  positions  divid- 
ed by  the  elapsed  time  (0.4  s).  Mean  individual  speed 
and  direction  were  calculated  from  the  velocity  vectors 
both  in  3 dimensions,  as  well  as  from  projections  on  the 
x-y  plane  and  the  z-axis  separately  to  better  visual- 
ize the  lateral  and  vertical  movements  associated  with 


avoidance  behavior.  Mean  swimming  speed  (S)  during 
each  second  was  calculated  first  by  determining  the  in- 
dividual speeds  from  the  estimated  velocity  vectors  and 
then  by  determining  the  means  of  these  values;  that  is, 


S = sqrt(V?j  + V*j  + Vz2j,  (1) 

where  Vz  was  omitted  in  this  equation  for  horizontal 
speed,  and  Vx  and  Vy  were  omitted  for  vertical  speed. 
Mean  swimming  heading,  on  the  x-y  plane,  was  calcu- 
lated as  the  mean  of  the  individual  swimming  head- 
ings, expressed  in  degrees  counter  clockwise  from  the 
direction  of  vehicle  travel,  after  correcting  for  the  slight 
misalignment  between  the  direction  of  travel  and  the 
x-axis  of  the  camera  coordinate  system. 

Group  velocity,  speed,  and  swimming  polarity  Group 
velocity  (U)  on  each  coordinate  axis  ( U „ Uy,  Uz)  was 
calculated  each  second  from  the  difference  in  the  mean 
positions  of  the  25  fish  between  the  second  and  fourth 
frames,  divided  by  the  elapsed  time.  Group  speed  (Sg) 
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was  then  calculated  from  the  3 coordinate  velocity  vec- 
tors as 


Sg=sqrt(XJ2x+U2y+U2z).  (2) 


Swimming  polarity,  which  is  a measure  of  the  align- 
ment in  swimming  direction  of  individuals  relative  to 
that  of  the  group,  was  calculated  as  the  mean  of  the  an- 
gular deviations  (0;)  between  the  individual  velocities 
(Vj)  and  the  group  velocity  (U)  (Viscido  et  al.,  2005): 


W 


(3) 


where  is  the  vector  dot  product;  and  “ | j”  is  the  ab- 
solute value. 


The  individual  swimming  polarities  were  then  convert- 
ed to  a nondimensional  mean  value  to  simplify  inter- 
pretation (Viscido  et  al.,  2004)  as: 


o = 


(90° -0j) 

90° 


(4) 


In  this  notation,  fish  swimming  directions  become  in- 
creasingly parallel  as  <£>  approaches  1.0. 


Nearest  neighbor  distance  Nearest  neighbor  distance  of 
each  individual  fish  to  other  group  members  is  defined 
in  the  following  manner  (Viscido  et  al.,  2005): 

NNDi  = m . ..dj>p),  (5) 

where  dj  k = the  distance  between  the  jth  fish  and  each 

of  the  p remaining  fish. 

Nearest  neighbor  distance  of  the  group  is  the  mean 
over  the  p+ 1 members  of  the  group. 

The  above  metrics  of  group  behavior  were  calculated 
identically  for  both  the  disturbed  and  undisturbed  pe- 
riods, but  the  use  of  those  descriptors  differed  between 
these  periods.  For  the  disturbed  period,  we  were  inter- 
ested in  the  temporal  change  of  the  metrics  in  response 
to  the  tow  vessel  and  camera  vehicle.  In  contrast,  for 
the  undisturbed  case,  we  used  the  metrics  to  set  a ref- 
erence level  to  use  as  a baseline  for  comparison  with 
the  disturbed  case.  We  assumed  that  the  values  of  each 
metric  were  relatively  constant  over  the  10-s  interval 
and  that  they  characterized  the  undisturbed  state  of 
each  metric  as  its  mean  and  standard  deviation. 


Results 

The  response  of  the  vermilion  snapper  to  the  vessel, 
tow  cable,  and  camera  vehicle  can  be  considered  from 
the  perspective  of  individual  behavior,  but,  because 
this  is  a schooling  species,  response  can  also  be  con- 
sidered from  the  perspective  of  the  group  behavior  of 
the  school.  First,  we  considered  the  movement  attri- 
butes of  individual  fish.  These  attributes  are  best  seen 
as  a time  series  of  mean  swimming  vectors,  which, 
in  Figure  3,  are  represented  by  the  mean  speed  and 


direction  and  were  projected  separately  on  the  hori- 
zontal plane  (x-  and  y-axes)  and  vertical  direction  (z- 
axis).  At  the  moment  that  the  tow  vessel  passed  the 
camera  (£=0),  the  mean  horizontal  swimming  direction 
was  aligned  with  and  almost  directly  away  (180°)  from 
the  tow  direction;  however,  the  swimming  direction 
abruptly  changed  to  270°  at  11  s,  so  that  the  fish  were 
swimming  perpendicular  to  the  tow  path,  and  again  at 
20  s to  approximately  315°,  so  that  they  were  swim- 
ming obliquely  away  from  the  towed  camera.  Hori- 
zontal swimming  speed,  indicated  by  the  lengths  of 
the  movement  vectors  in  Figure  3,  increased  at  11  s 
and  again  at  20  s in  accordance  with  the  directional 
changes.  Therefore,  as  expressed  on  the  horizontal 
plane,  there  were  2 changes  in  swimming  speed  and 
direction  that  essentially  partitioned  the  time  series 
into  3 distinct  periods. 

Vertical  swimming  speed  and  direction  changed  in 
a similar  pattern.  The  vertical  swimming  direction 
is  initially  slightly  upward  until  10  s,  when  it  shifts 
abruptly  downward  for  1 s before  a horizontal  shift  in 
direction  (Fig.  3).  The  downward  shift  in  vertical  swim- 
ming direction  was  also  accompanied  by  an  increase  in 
swimming  speed. 

These  changes  in  vertical  swimming  speed  led  to 
changes  in  the  mean  distance  of  the  fish  from  the 
bottom  (Fig.  4).  The  initial  upward  speed  of  the  fish 
resulted  in  a gradual  increase  in  distance  off  bottom. 
However,  synchronously  with  the  changes  in  horizontal 
and  vertical  swimming  direction,  the  distance  off  bot- 
tom rapidly  decreased  from  a maximum  of  ~4  m at  8 
s after  vessel  passage  to  ~1  m at  22  s.  Perhaps  the  re- 
duction in  vertical  swimming  speed  seen  in  the  last  2 s 
of  the  series  (Fig.  3)  is  the  result  of  the  school  reaching 
this  close  proximity  to  the  bottom. 

Next,  we  considered  the  descriptors  of  group  behav- 
ior: group  speed;  individual  speed;  and  swimming  polar- 
ity. These  descriptors  also  displayed  a temporal  pattern 
with  3 distinct  periods.  Group  speed  (i.e.,  movement 
of  the  school  itself),  over  the  entire  period  after  vessel 
passage,  was  elevated  considerably  above  its  value  dur- 
ing the  undisturbed  case,  and  2 distinct  increases  were 
observed,  one  starting  at  -11  s and  another  starting 
at  -18  s (Fig.  5A).  These  changes  in  group  speed  are 
related  to  changes  in  individual  speed  and  swimming 
polarity,  but  the  relative  influence  of  each  factor  chang- 
es over  time.  Mean  individual  swimming  speed  (now 
expressed  in  3 dimensions)  was  barely  elevated  above 
its  value  in  the  undisturbed  case  and  increased  only 
gradually  during  the  first  17  s after  vessel  passage, 
but  the  rate  of  increase  distinctly  accelerated  start- 
ing at  -18  s (Fig.  5B).  In  contrast,  swimming  polarity 
(i.e.,  the  alignment  of  individuals)  was  elevated  greatly 
above  its  value  in  the  undisturbed  case  over  the  en- 
tire record  and  a distinct  rate  of  increase  was  observed 
at  -11  s (Fig.  5C).  Therefore,  changes  in  group  speed 
(i.e.,  movement  of  the  school)  were  primarily  deter- 
mined by  changes  in  swimming  polarity  until  the  last 
few  seconds  when  individual  swimming  speed  greatly 
increased. 
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Time  since  vessel  passage  (s) 

Figure  3 

Mean  individual  swimming  speed  and  direction  of  vermilion  snapper 
( Rhomboplites  aurorubens)  in  the  northeast  Gulf  of  Mexico  in  2014,  ex- 
pressed as  either  (A)  degrees  counter  clockwise  relative  to  the  camera 
vehicle  tow  path  (toward  the  right)  on  the  horizontal  plane  and  as  (B) 
degrees  up  and  down  in  the  vertical  plane.  Time  is  in  seconds  since  the 
passage  of  the  tow  vessel  was  recorded  by  the  benthic  camera.  On  the 
horizontal  plane,  the  direction  of  travel  is  from  left  to  right;  therefore,  a 
left  arrow  is  directed  away  from  the  tow  vessel  and  toward  the  approach- 
ing camera  vehicle.  On  the  vertical  plane,  the  horizontal  line  represents 
zero  speed.  The  closest  approach  of  the  vehicle  was  at  23  s after  the  pas- 
sage of  the  vessel,  and  the  velocity  of  the  camera  vehicle  was  1.5  m/s. 
Hence,  the  approximate  distance  in  meters  from  the  vehicle  to  the  fish 
school  can  be  calculated  as  (23-/)xl.5,  where  t is  the  time  in  seconds  after 
vessel  passage. 


The  nearest  neighbor  distance  followed  an  almost 
inverse  pattern,  with  a distinct,  strong,  decrease 
starting  at  about  11  s (Fig.  5D).  Therefore,  over  the 
entire  encounter  with  the  camera  vehicle  and  its  tow 
vessel,  the  school  increased  its  swimming  speed  ini- 
tially by  the  individual  fish  aligning  with  each  other 
and  finally  by  increasing  the  individual  swimming 
rate.  In  addition,  as  the  alignment  of  individuals  was 
increasing,  their  spacing  became  progressively  tighter. 

One  important  effect  of  these  changes  in  behavior 
was  a decrease  in  the  abundance  of  vermilion  snap- 
per within  the  area  that  was  subsequently  transited  by 
the  camera  vehicle  during  its  survey  (i.e.,  count  path; 
Fig.  6).  At  the  time  of  vessel  passage  (t=0)  all  25  mea- 
sured fish  were  within  the  count  path  of  the  camera 
vehicle,  but  later,  in  response  to  the  various  stimuli 
produced,  the  fish  moved  closer  to  the  fixed  camera 
and  ultimately  out  of  the  count  path.  When  the  cam- 


era vehicle  actually  occupied  the  count  path,  at  i=23 
s,  no  vermilion  snapper  remained  in  the  count  path 
and  none  were  seen  in  the  forward  cameras  used  for 
counting  (although  some  fish  were  seen  by  the  later- 
ally pointed  cameras  not  used  for  counting).  Therefore, 
in  this  particular  case,  the  vermilion  snapper  avoided 
sampling  by  the  camera  vehicle. 

Discussion 

The  school  of  vermilion  snapper  observed  in  this  study 
experienced  a variety  of  visual  and  auditory  stimuli 
between  their  undisturbed  state  (5  min  before  passage 
of  the  tow  vessel)  and  the  arrival  of  the  camera  ve- 
hicle. These  stimuli  triggered  responses  both  at  an  in- 
dividual level  (i.e.,  swimming  speed  and  direction),  as 
well  as  at  a group  level  (i.e.,  alignment  of  and  spacing 
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Figure  4 

Mean  distance  of  the  vermilion  snapper  ( Rhomboplites 
aurorubens ) off  bottom,  measured  in  the  northeast 
Gulf  of  Mexico  in  2014,  as  a function  of  the  time  since 
passage  of  the  tow  vessel  was  recorded  by  the  benthic 
camera.  The  closest  approach  of  the  vehicle  was  at  23 
s,  and  the  vehicle  velocity  was  1.5  m/s;  therefore,  the 
approximate  distance  in  meters  of  the  vehicle  to  the 
fish  school  can  be  calculated  as  (23-Z)xl.5  , where  t is 
the  time  in  seconds  after  vessel  passage. 


between  individuals  within  the  school).  The  responses, 
especially  swimming  direction,  changed  abruptly  twice, 
separating  the  period  into  3 phases  that  can  be  con- 
sidered sequentially  increasing  states:  arousal,  aware- 
ness, and  flight. 

During  the  first  phase  (arousal),  up  to  11  s after 
vessel  passage,  the  fish  were  in  a heightened  state 
of  arousal,  presumably  in  response  to  the  sound  or 
sight  of  the  passing  tow  vessel,  because  their  group 
swimming  speed  and  polarity  were  distinctly  greater 
than  the  levels  observed  during  the  undisturbed  pe- 
riod. Although  this  behavior  was  clearly  a response, 
it  had  not  progressed  to  active  avoidance  of  the  ves- 
sel because  the  individual  swimming  direction  was 
still  aligned  with  the  path  of  the  vessel  and  had  a 
slight  upward  component  of  movement.  Previously 
documented  fish  reactions  to  an  overhead  or  recently 
passed  vessel  usually  involved  lateral  motion  or  div- 
ing (Handegard  and  Tjpstheim,  2005;  De  Robertis  and 
Handegard,  2013). 

In  the  second  phase  (awareness),  from  about  12  s to 
19  s after  vessel  passage,  the  fish  displayed  increasing 
signs  of  arousal,  including  an  increase  in  group  speed 
and  polarity  and  a steady  decline  in  nearest  neighbor 
distance,  all  of  which  both  theoretical  and  laboratory 
studies  typically  have  shown  are  correlated  and  change 
with  the  arousal  state  of  the  school  (Magurran  and 
Pitcher,  1987;  Parrish  et  al.,  2002).  During  this  phase, 
the  fish  started  to  display  distinct  avoidance  behavior 


characterized  by  abrupt  changes  in  horizontal  direction 
from  nearly  parallel  to  nearly  perpendicular  to  the  path 
of  the  camera  vehicle.  In  addition,  vertical  swimming 
switched  from  slightly  upward  to  strongly  downward. 
We  interpret  these  behavioral  changes  as  responses  to 
the  tow  cable,  which,  by  midway  in  the  transit  interval, 
would  appear  to  the  fish  as  a silhouetted  object,  ap- 
proximately 10  m above  the  school  (assuming  no  hys- 
teresis in  the  tow  cable),  and  approaching  the  fish  at 
a downward  velocity  of  ~0.9  m/s.  Presumably,  the  tow 
cable  also  would  produce  vibrational  stimuli  along  with 
the  visual  stimuli,  but  we  were  unable  to  distinguish 
the  relative  importance  of  the  2 stimuli  in  eliciting  the 
observed  response.  Such  downward  and  lateral  avoid- 
ance behavior  has  been  described  previously  for  cod  in 
response  to  the  towing  warps  of  bottom  trawlers  (Han- 
degard and  Tjpstheim,  2005). 

During  the  third  phase  (flight),  from  20  s to  22  s,  in- 
dividual fish  direction  on  the  horizontal  plane  abruptly 
changed  from  perpendicular  to  about  45°  away  from 
the  line  of  vehicle  travel  and  swimming  speed  began 
to  increase  at  an  accelerating  rate.  During  this  period, 
nearest  neighbor  distance  rapidly  declined  and  polarity 
increased.  Group  speed  rapidly  increased,  primarily 
because  the  individual  rate  of  swimming  increased  in 
addition  to  the  polarity  (group  speed  equals  mean  indi- 
vidual speed  when  polarity  equals  1.0).  We  suspect  that 
the  these  changes  were  reactions  to  the  sight  or  sound 
of  the  camera  vehicle,  which  was  approximately  8 m 
from  the  center  of  the  field  of  view  of  the  benthic  cam- 
era when  the  strong  change  in  direction  occurred  19  s 
after  vessel  passage.  Although  not  silhouetted  against 
the  sky,  the  camera  vehicle  must  have  been  conspicu- 
ous to  the  fish  at  this  distance  because  it  has  4 contin- 
uously illuminated  lights  and  has  a looming  movement 
that  has  been  shown  to  elicit  reactions  in  some  Pacific 
groundfishes  (Ryer  et  al.,  2009). 

These  behavioral  changes  in  response  to  the  pas- 
sage of  the  vessel,  tow  cable,  and  camera  vehicle  are 
consistent  with  the  notion  of  threat-sensitive  predator 
avoidance  (Helfman,  1989;  Domenici,  2010;  Rieucau  et 
al.,  2014)  where,  because  of  energetic  costs  (Ydenberg 
and  Dill,  1986),  fish  balance  timing  and  strength  of 
escape  behaviors  against  the  risk  of  predation.  This 
tradeoff  often  results  in  a graded  response,  starting 
with  an  increase  in  awareness  of  the  threat  and  pro- 
gressing to  flight  when  the  predatory  attack  is  initi- 
ated. Therefore,  for  example,  in  the  first  phase,  fish 
displayed  indications  of  increased  awareness  but  no 
obvious  avoidance.  In  the  second  phase,  fish  initiated 
avoidance  behavior;  however,  they  did  not  greatly  in- 
crease their  individual  swimming  speed,  presumably 
because  the  perceived  threat  was  relatively  small  and 
approaching  slowly.  In  the  third  phase,  fish  encoun- 
tered the  camera  vehicle,  changed  their  swimming  di- 
rection so  that  it  was  directly  away  from  the  threat, 
and  rapidly  accelerated  their  individual  swimming 
speed,  presumably  because  the  camera  vehicle  was 
large  and  moving  rapidly  and,  therefore,  presented  a 
more  serious  threat. 
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Figure  S 

Variation  in  (A)  group  speed,  (B)  mean  individual  speed,  (C)  swimming  polarity,  and  (D)  nearest 
neighbor  distance  (NND)  for  a school  of  vermilion  snapper  ( Rhomboplites  aurorubens ) in  the 
northeast  Gulf  of  Mexico  in  2014  is  shown  for  the  disturbed  time  period,  the  22-s  period  from 
passage  of  the  tow  vessel  to  1 s before  entry  of  the  camera  vehicle  into  the  benthic  camera  field 
of  view.  The  horizontal  lines  represent  the  mean  (solid)  and  95%  confidence  intervals  (dashed) 
of  each  school  descriptor  during  the  undisturbed  period,  the  10-s  period  taken  20  min  after  the 
previous  vessel  passage.  The  closest  approach  of  the  vehicle  was  at  23  s,  and  the  vehicle  velocity 
was  1.5  m/s;  therefore,  the  approximate  distance  in  meters  of  the  vehicle  to  the  fish  school  can 
be  calculated  as  (23-0x1.5,  where  t is  the  time  in  seconds  after  vessel  passage. 

We  emphasize  that  the  fish  response  to  a camera 
vehicle  during  a single  pass  should  not  necessarily  be 
i considered  typical  because  there  are  a variety  of  fac- 
tors that  could  have  been  influential.  First,  stimulus 
| detection  by  individual  fish  or  the  school  may  vary 
! with  environmental  conditions.  For  example,  detec- 
tion of  visual  stimuli  will  be  diminished  in  turbid  or 
low-light  conditions.  Second,  the  behavioral  response 
j to  a given  level  of  stimulus  may  vary  with  previous 
[ experience  of  such  stimuli.  A response  to  vessel  noise, 

| for  example,  may  be  less  in  areas  with  high  vessel 
traffic  because  of  acclimatization  to  stimuli.  Third,  the 
| behavioral  response  to  a given  level  of  stimulus  may 
| vary  with  the  perceived  level  of  predatory  threat.  For 
example,  an  avoidance  response  may  be  inhibited  in 
complex  habitats  that  provide  nearby  refuge.  Conse- 


quently, we  expect  behavioral  responses  to  be  varied 
and  recognize  that  considerable  additional  field  stud- 
ies will  be  needed  to  provide  realistic  predictions  of 
behavioral  responses  to  stimuli  produced  by  moving 
camera  vehicles. 

We  deemed  the  10-s  interval  that  occurred  5 min 
before  passage  of  the  tow  vessel  to  be  indicative  of  the 
values  of  the  school  and  individual  fish  descriptors 
during  an  undisturbed  state.  However,  the  school  had 
previously  experienced  the  disturbance  created  by  the 
setting  of  the  benthic  cameras  and  2 prior  passes  of  the 
towed  camera  system;  therefore,  an  undisturbed  state 
should  be  considered  in  a relative  sense.  Our  qualita- 
tive observations  of  the  behavior  of  vermilion  snapper 
toward  the  benthic  cameras  indicate  that  the  school 
returned  to  fairly  calm  behavior  within  a few  minutes 
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after  passage  of  the  towed  vehicle.  Consequently,  we 
felt  that  the  passage  of  ~20  min  after  the  last  distur- 
bance would  approximate  undisturbed  conditions.  Un- 
fortunately, schools  of  vermilion  snapper  were  not  ob- 
served before  the  first  passage  of  the  camera  vehicle  to 
confirm  this  notion. 

The  design  of  our  experiment  (i.e.,  placing  fixed 
cameras  on  the  bottom  to  observe  fish  behavior  in  re- 
sponse to  moving  camera  systems)  provided  a unique 
perspective  on  how  these  systems  actually  sample  the 
fish  community.  During  the  one  pass  of  the  camera  ve- 
hicle, for  example,  no  vermilion  snapper  were  counted 
by  the  moving  camera  vehicle,  but  the  alternate  view 
provided  by  a benthic  camera  (Fig.  6)  showed  that  ver- 
milion snapper  were  indeed  within  the  tow  path  of  the 
camera  vehicle  but  had  vacated  it  immediately  before 
they  would  have  been  imaged  by  the  forward  directed 
cameras  on  the  vehicle. 

Besides  confirming  that  fish  avoidance  had  occurred 
during  the  pass  of  the  camera  vehicle,  the  use  of  the 
fixed  cameras,  especially  the  use  of  stereo  and  optical 
target  tracking,  allowed  quantification  of  the  timing 
and  strength  of  the  avoidance  behaviors,  which  in  turn, 
provided  an  indication  of  the  possible  stimuli  that  may 
have  elicited  these  behaviors.  For  example,  vessel  noise 
has  been  implicated  repeatedly  as  a stimulus  sufficient 
to  trigger  fish  avoidance  behavior  (De  Robertis  and 
Handegard,  2013),  but,  in  this  particular  pass  of  the 
camera  vehicle,  vessel  noise  did  not  trigger  any  overt 
avoidance  behavior.  The  sight  or  sound  of  the  tow  cable 
likely  triggered  the  initial  overt  avoidance  behaviors 
but  was  insufficient  to  drive  the  fish  out  of  the  path  of 
the  camera  vehicle.  However,  the  sight  or  sound  of  the 
camera  vehicle  seemed  to  increase  the  avoidance  be- 
havior sufficiently  to  cause  the  fish  to  vacate  the  count 
path  before  they  could  be  seen  and  counted  by  the  cam- 
era vehicle.  These  metrics  of  the  timing  and  strength 
of  the  fish  response  could  be  used  to  help  redesign  the 
camera  vehicle  so  that  it  could  be  stealthier  and  pro- 
duce stimuli  below  the  thresholds  required  to  trigger 
avoidance  behaviors. 

The  purpose  for  this  article  is  to  demonstrate  the 
utility  of  fixed  benthic  cameras  and  stereo  photography 
to  measure  the  positions  of  a moving  camera  system, 
the  target  fish  species,  and  the  bottom  topography,  as 
well  as  how  these  measurements  can  be  used  to  bet- 
ter understand  how  moving  camera  vehicles  sample 
fish  communities.  The  example  we  provide  was  based 
on  one  fortuitous  pass  of  the  camera  vehicle  in  view 
of  a single  benthic  camera  while  a school  of  vermil- 
ion snapper  were  present;  consequently,  our  observa- 
tions could  be  quite  different  had  the  sampling  been  at 
greater  depths  or  in  more  turbid  water  (Abrahams  and 
Kattenfeld,  1997)  and  certainly  would  have  been  differ- 
ent for  other  target  species.  However,  when  the  use  of 
stereo  photography  from  fixed  benthic  cameras  is  ap- 
propriate, it  can  allow  quantification  of  fish  behaviors 
and  help  define  the  effect  of  this  behavior  on  density 
estimates  derived  from  images  obtained  with  moving 
camera  vehicles. 
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Abstract- — -Natural  mortality  (M)  is 
one  of  the  most  important  life  histo- 
ry attributes  of  functioning  fish  pop- 
ulations. The  most  common  methods 
to  estimate  M in  fish  populations 
provide  point  estimates  which  are 
usually  constant  across  sizes  and 
ages.  In  this  article,  we  propose  a 
framework  for  incorporating  uncer- 
tainty into  the  length-based  estima- 
tor of  mortality  that  is  based  on  von 
Bertalanffy  growth  function  (VBGF) 
parameters  determined  with  Bayes- 
ian analysis  and  asymmetric  error 
distributions.  Two  methods  to  incor- 
porate uncertainty  in  M estimates 
are  evaluated.  First,  we  use  Mar- 
kov chains  of  the  estimated  VBGF 
parameters  directly  when  comput- 
ing M and  second,  we  simulate  the 
posterior  distribution  of  VBGF  pa- 
rameters with  the  copula  method. 
These  2 approaches  were  applied 
and  compared  by  using  the  exten- 
sive database  available  on  age  and 
growth  for  southern  blue  whiting 
(Micromesistius  australis)  harvested 
in  the  southeast  Pacific.  The  copula 
approach  provides  advantages  over 
Markov  chains  and  requires  far 
less  computational  time,  while  con- 
serving the  underlying  dependence 
structure  in  the  posterior  distribu- 
tion of  the  VBGF  parameters.  The 
incorporation  of  uncertainty  into 
length-based  estimates  of  mortality 
provides  a promising  way  for  model- 
ing fish  population  dynamics. 
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Natural  mortality  ( M ) rate  is  one  of 
the  most  important  parameters  shap- 
ing the  population  dynamics  of  fish 
populations  (Siegfried  and  Sanso1; 
Brodziak  et  al.,  2011).  It  is  defined  as 
the  death  rate  of  fish  due  to  causes 
other  than  fishing,  such  as  predation, 
senescence,  cannibalism,  starvation, 
and  other  natural  factors.  Despite 
the  key  importance  of  M in  fish  and 
fisheries  modeling,  this  parameter  is 
extraordinarily  difficult  to  estimate 
accurately.  Methods  for  determin- 
ing M in  fish  populations  generally 
entail  one  of  2 approaches:  1)  direct 
methods  which  estimate  M from  ob- 
servations on  survival,  with  methods 
derived  from  tagging  or  telemetry 
experiments,  2)  indirect  methods 
that  estimate  mortality  from  other, 
more  easily  obtained  parameters,  of- 
ten from  life  history  traits,  such  as 
age  and  growth,  and  maturity.  Direct 
methods  provide  the  most  precise  es- 
timates of  M,  but  those  approaches 
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are  data  intensive  and  usually  cost 
prohibitive  and  therefore  preclude 
their  application  to  a large  number 
of  fish  stocks.  Indirect  methods  are 
therefore  commonly  applied  because 
they  are  easy,  fast,  and  cheap  to 
implement  for  most  harvested  fish 
populations. 

Indirect  estimators  are  based  on 
correlations  of  M in  well-studied 
stocks  with  other  life  history  attri- 
butes, such  as  individual  growth, 
longevity  and  maturity.  The  underly- 
ing assumption  in  all  indirect  meth- 
ods is  that  the  relationship  between 
M and  other  life  history  parameters 
is  the  same  for  thoroughly  studied 
stocks  and  lesser-studied  ones  where 
this  method  is  usually  applied.  For 
most  indirect  methods,  an  estimate 
of  M is  computed,  which  is  invariant 
across  age  and  size  classes,  although 
this  parameter  is  dependent  on  age 
and  size  (Gislason  et  al.,  2010).  The 
relationship  between  M and  age  and 
size  is  usually  defined  as  a negative 
exponential  function  in  which  early 
life  stages  include  much  greater  mor- 
tality than  later  ones,  especially  af- 
ter reaching  sexual  maturity.  Never- 
theless, M estimators,  whether  they 


356 


Fishery  Bulletin  115(3) 


are  size  dependent  or  not,  provide  only  point  estimates 
of  mortality.  Uncertainty  in  M estimates  from  indirect 
methods  have  not  been  investigated  in  detail  and  have 
usually  been  based  on  ad-hoc  approaches  (Cubillos  et 
al.,  1999;  Quiroz  et  al.,  2010;  Wiff  et  al.,  2011).  These 
methods  incorporate  uncertainty  in  M by  taking  growth 
parameters  from  the  literature  and  their  associated 
uncertainty  (e.g.  standard  deviation,  covariance,  confi- 
dence interval),  and  then  by  drawing  empirical  distri- 
butions of  these  parameters  to  propagate  uncertainty 
in  M estimates,  usually  assuming  Gaussian  error. 

A promising  method  for  estimating  M-at-length 
based  on  life  history  theory,  has  recently  been  proposed 
by  Gislason  et  al.  (2010)  and  Charnov  et  al.  (2013),  and 
depends  entirely  on  von  Bertalanffy  growth  function 
(VBGF)  parameters.  For  these  researchers,  appropriate 
uncertainty  in  growth  estimates  become  a key  issue 
in  assessing  uncertainty  in  M estimates.  Most  ad-hoc 
approaches  to  incorporate  statistical  variability  in  M 
are  based  on  a 2-step  model  that  keeps  estimations  of 
growth  parameters  and  M separated.  Therefore,  in  this 
article,  we  consider  the  inclusion  of  2 different  sources 
of  uncertainty  in  the  modeling,  one  over  the  growth 
parameters  and  another  from  the  proposed  structural 
M-at-length  mortality  estimator. 

Uncertainty  in  M estimates  derived  from  indirect 
methods  come  from  2 main  sources.  First,  uncertainty 
depends  on  the  variability  among  species  or  stocks  for 
which  the  empirical  relationship  has  been  proposed. 
This  source  of  uncertainty  is  usually  referred  to  as 
“method  error”  because  it  represents  how  “accurate” 
the  empirical  model  is  (Quiroz  et  al.,  2012).  The  second 
source  of  uncertainty  is  related  to  the  error  within  the 
species-specific  parameters  that  feeds  into  the  indirect 
method  (e.g.,  growth  parameters).  This  source  of  uncer- 
tainty is  called  “trait  error”  because  it  represents  the 
uncertainty  in  life  history  parameters  of  the  stock  or 
population  for  which  M is  being  estimated. 

The  trait-error  of  estimated  growth  parameters 
can  be  converted  into  M estimates  as  the  iterative 
parameter  updates  of  a Bayesian  estimation  with  a 
non-Gaussian  distribution.  In  particular,  Gaussian  er- 
ror distribution  for  estimating  growth  parameters  can 
resolve  some  even  nonsensical  shortcomings,  for  in- 
stance negative  length  values.  Distributions  based  on 
age-length  fishing  selectivity  are  usually  skewed  as  a 
result  of  a size-selective  sampling  process  (Contreras- 
Reyes  et  al.,  2014;  Montenegro  and  Branco,  2016).  In 
addition,  in  harvested  fish  populations,  an  accumula- 
tive effect  of  fishing  on  size-at-age  exists.  Growth  rates 
vary  among  individuals  (Sainsbury,  1980)  and  fishing 
selectivity  removes  faster  growing  individuals  from 
each  particular  age  class.  Moreover,  in  some  studies,  in 
which  VBGF  parameters  are  estimated,  the  assumption 
of  Gaussian  error  distribution  sometimes  lacks  adequa- 
cy, especially  with  the  presence  of  outliers,  which  could 
lead  to  questionable  estimates  (see  Contreras-Reyes 
and  Arellano-Valle,  2013;  Contreras-Reyes  et  al.,  2014, 
and  references  therein). 

In  our  analysis  we  used  2 methods  to  incorporate 


uncertainties  in  the  M-at-length  estimates.  Both  de- 
pend on  information  that  can  be  drawn  from  a Bayes- 
ian estimation  derived  from  VBGF  parameters.  The 
first  method  takes  advantage  of  the  Markov  chains 
and,  after  convergence,  those  chains  are  directly  incor- 
porated into  the  M calculation.  In  particular,  we  used 
the  Bayesian  results  generated  by  Lopez  Quintero  et  al. 
(2017)  as  a baseline.  For  the  second  method,  we  propose 
taking  the  dependent  structure,  which  is  concentrated 
in  the  posterior  distribution  of  parameters,  and  using 
this  structure  for  simulating  a distribution  with  the 
same  dependent  features  based  on  the  copula  method 
(Nelsen,  2006).  This  last  approach  has  the  advantage 
that,  even  without  the  precision  in  the  joint  distribu- 
tion of  parameters,  we  can  obtain  samples  that  pre- 
serve the  dependence  between  the  observed  variables 
by  only  approximating  its  marginal  distributions,  at  a 
much  lower  computational  cost.  We  apply  the  length- 
based  M estimators,  using  a data  set  corresponding  to 
24,942  individuals  of  southern  blue  whiting  ( Microme - 
sistius  australis ) collected  from  Chilean  continental 
waters  over  the  period  1997-2010  (J.  Contreras-Reyes, 
unpubl.  data).  Their  total  lengths  and  ages  were  re- 
corded and  assigned  by  studying  their  otoliths.  Further 
information  about  this  data  set  can  be  found  in  Contre- 
ras-Reyes et  al.  (2014)  and  references  therein. 


Let  L(x)  be  the  theoretical  expected  value  of  the  length 
related  to  an  individual  at  age  x.  The  (specialized)  ' 
VBGF  function  is  defined  as 

L(x)  = L00(  1 — e-K(x-to)).  (1)  ! 

This  equation  represents  the  simplest  formulation  of 
the  VBGF  (Essington  et  al.,  2001),  which  is  described 
by  3 parameters:  Lm  represents  asymptotic  length  (in  f 
length  units  e.g.  centimeters):  K represents  the  growth 
rate  coefficient  usually  expressed  in  inverse  time  units:  | 
and  t0  is  the  theoretical  age  (usually  in  years)  at  length 
zero.  Parameters  of  the  VBGF  are  estimated  from  ob- 
served length-at-age  pairs  such  as  (x,  y ),  where  y is  the 
length  at  age  x. 

Equation  1 can  also  be  modeled  in  terms  of  a multi- 
plicative structure  for  random  errors 

yi  = L(x0£i,  (2) 

where  y;  = the  length  at  age  of  the  ith  sampled  sub- 
ject, i = 1 Lj> 0,  K> 0,  £<min{:JCi,...,xn};  and  £,  are 
independent  (not  necessarily  identical)  non-negative 
random  errors  (Contreras-Reyes  et  al.,  2014). 

With  this  assumption,  the  VBGF  in  Equation  2 corre-  | 
sponds  to  the  multiplicative  nonlinear  regression  with 
logarithmic  random  errors.  The  additive  structure  of 
the  original  model  in  Equation  2 is  easily  recovered  by 
applying  logarithmic  properties,  such  as  y\  = L'(x\)  + £\, 
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with  y\  = log  yi;  L'ix^  = log  Lixj),  and  = log  £,  which 

are  independent  random  errors.  The  estimated  param- 
eters can  be  used  to  compute  a M-at-length  estimator. 

Gislason  et  al.  (2010)  proposed  an  indirect  method 
for  estimating  M-at-length,  using  previous  estimations 
of  M,  habitat  temperature  and  the  VBGF  parameters. 
Their  proposed  M-at-length  estimator  is  only  a func- 
tion of  the  VBGF  parameters  and  habitat  temperature. 
Charnov  et  al.  (2013)  re-analyzed  the  data  set  assem- 
bled by  Gislason  et  al.  (2010)  and  concluded  that  coeffi- 
cients of  growth  parameters  of  the  previous  M-at-length 
estimator  did  not  differ  from  the  general  life  history 
theory  described  in  Charnov  (1993).  The  analysis  in 
Charnov  et  al.  (2013)  also  provides  a theoretical  basis 
for  estimating  indirectly  M-at-length  from  life  history 
theory.  In  this  reductionist  approach,  the  M-at-length 
in  fish  populations  is  based  entirely  on  the  VBGF  pa- 
rameters and  can  be  estimated  by  the  expression 

M(L)  = ET(%)3/2,  (3) 

where  M = the  natural  mortality  rate  at  length  L;  and 
the  other  parameters  are  estimated  from 
the  VGBF. 

Natural  mortality  model 

Method  error  was  incorporated  in  this  model  by  follow- 
ing a log-normal  regression  model  of  the  form 

log M(L)  = P0  + Px  log%  + P2  log K + log 77,  (4) 

where  log  77  = an  independent  additive  Gaussian  error, 
log  ri~N(0,tf). 

Parameter  cr%  corresponds  to  the  uncertainty  given  by 
the  mortality  expression  (Eq.  3),  which  came  from  the 
Gislason  et  al.  (2010)  database  and  comprises  168  more 
or  less  independent  estimates  for  marine  and  brack- 
ish water  fish.  In  order  to  have  an  approximation  of 
tf,  as  well  as  p0,  Pi,  and  p2,  we  estimate  the  log-normal 
regression  model  with  normal  prior  distributions  with 
mean  0 and  large  variance  for  ph  Ni0,a%),  i = 0,  1,  2, 
and  an  inverse  gamma  distribution,  Inv-r(a,/?),  for  with 
small  values  for  the  scale  and  rate  hyperparameters, 
(a,  P)  on  a Bayesian  framework. 

In  the  Results  section,  the  estimated  parameters 
are  presented  with  this  approach  for  the  same  data  set 
used  by  Charnov  et  al.  (2013). 

Life  history  parameters 

Bayesian  approach  Assuming  the  multiplicative  struc- 
ture of  Equation  3,  Contreras-Reyes  et  al.  (2014)  con- 
sidered a skew-£  distribution  for  the  errors  £\,  denoted 
by  £j'  =5  log  £;  ~ ST(ni,af,X,v),i  = l,...,n.  More  specifi- 
cally, we  assumed  that  the  original  multiplicative  er- 
rors £;,  i = 1,...,  n,  are  independently  distributed  ran- 
dom variables  following  a log-skew-^  distribution  (Az- 
zalini  et  al.,  2002;  Marchenko  and  Genton,  2010)  with 
parameters  of  location,  dispersion,  shape  and  degrees 
of  freedom  given  by  a *,  A,  and  v>2,  respective- 


ly. Then,  the  log-transformed  lengths  are  y{  = log  y, 
~ STip{  -l-LijofjAjV),  i = 1,...,  n,  with  L{  = log  L(x ;). 
Thus,  the  density  of  y{  = log  y;  is 

/(^il  > Ai , , A,  v)  = 

^-^(^i;v)T|A2:i^■^-;v  + l|,yi,  eR,  (5) 

where  zx  = (y;'  — - L{)  / Gj  is  a standardized  ver- 
sion of  y{,  and  t(z;  v)  and  Hz;  v ) represent  the  usual 
symmetric  Student’s  t density  and  cumulative  distri- 
bution function,  respectively.  In  this  case,  we  assume 
that  the  original  lengths  follow  a log-skew-^  distribu- 
tion, denoted  by  yj  ~L<ST(/q  +Li,cri2,A,vj,  i = 1,...,  n. 
The  power  function  mip;  *;)  = xfp  introduces  heterosce- 
dasticity  into  the  dispersion  parameter  erf  = a 2m(p;  jc;) 
(Contreras-Reyes  and  Arellano-Valle,  2013). 

A Bayesian  analysis  for  the  log-skew-t  VBGF  is  pro- 
posed. If  independence  is  assumed,  the  likelihood  func- 
tion f (y'  | x,  9)  of  the  unknown  parameter  vector  9 = 
(L„,  K,  t0,  a2,  p,  A,  v)T  = (j8T,  cr2,  p,  A,  v)T  is  considered 
with  Equation  5.  The  Bayesian  model  specification  in- 
volves a prior  distribution  for  each  parameter  of  9 to 
be  inserted  into  Equation  3 in  the  case  of  L„  and  K, 
respectively  and  inference  on  6 rests  on  posterior  dis- 
tribution n(6\x,  y')  af(y'\x,  6)  u{6). 

In  the  specific  case  of  southern  blue  whiting  (Lopez 
Quintero  et  al.,  2017),  the  prior  distributions  were 
the  following:  LX~TN( 0>oo)  (0,100);  tf~r(15,100);  -tQ~ 
r(14,4);  n{p)  a 1 (a  non-informative  prior  density); 
cr2  ~r(0.1,0.1);  A~IV(0,100);  and  v~TE[2 >oo)  (0.5),  where 
TN(0<oo)  (0,<r2)  denotes  the  truncated  normal  density  at 
interval  (0,oo)  with  zero  mean  and  variance  a2,  TE[Cao) 
(A)  denotes  the  truncated  exponential  density  at  inter- 
val [c,°°)  with  parameter  A,  and  Ha,  /?)  represents  the 
gamma  distribution  whose  shape  and  rate  parameter 
are  a and  P,  respectively. 

Copula  approach  The  copula  method  is  used  when  con- 
sidering 2 random  variables  represented  by  their  joint 
(cumulative)  distribution  function,  H(u,v)  = H(F(x), 
G(y)),  where  u and  v denote  the  values  of  Fix),  and 
Giy),  respectively.  Our  main  objective  is  to  simulate 
random  variables  from  H(u,v). 

Most  of  the  sampling  methods  are  based  on  the  as- 
sumption that  Fix)  and  Giy)  are  known  but  the  joint 
distribution  HiFix),  Giy))  is  not.  A naive  framework 
would  be  that  in  which  samples  are  drawn  indepen- 
dently from  each  marginal  distribution,  yet  this  ap- 
proach is  would  be  misleading  because  underlying  de- 
pendent structures  in  H will  be  lost.  Alternatively,  a 
copula  C between  F and  G can  be  used  as  a function 
such  that  CiFix),  Gix))  = Hiu,v).  This  function  can  be 
recognized  as  a distribution  function  on  [0,1] d (for  a 
dimension  d)  whose  arguments  are  the  marginal  distri- 
bution of  the  joint  distribution.  Thus,  as  in  any  statisti- 
cal distribution,  C depends  on  some  parameters,  say  6. 

A copula  can  be  simulated  by  using  different  ap- 
proaches depending  on  the  family  they  belong  to,  e.g., 
Gaussian,  Archimedean,  Extreme-value,  and  others. 
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Each  of  these  families  have  their  own  set  of  parameters 
(dos  Santos  Silva  and  Lopes,  2008).  Owing  to  an  impor- 
tant result  from  copula  theory,  we  are  able  to  simulate 
from  H,  even  if  unknown,  only  requiring  the  marginal 
distributions,  F and  G,  and  the  copula  Ce  (see  Sklar’s 
Theorem  in  Nelsen,  2006). 

In  order  to  imitate  the  joint  distribution  H,  the  cop- 
ula Cd  and  the  marginal  distributions  F and  G need 
to  be  estimated.  Doing  so  could  create  various  situ- 
ations, namely:  if  F and  G belong  to  known  families, 
we  could  use  a parametric  framework  to  obtain  Ce,  by 
either  estimating  all  parameters  associated  with  both 
marginal  and  copula  inside  a single  routine  in  a proce- 
dure known  as  full  maximum-likelihood , or  by  estimat- 
ing the  parameters  in  2 stages.  The  first  stage  includes 
estimating  parameters  of  marginal  distributions  and 
afterwards  the  parameters  in  copula.  This  approach 
is  commonly  known  as  inference  functions  for  margins 
(Cherubini  et  al.,  2004).  There  are  also  intermediate 
procedures  where  the  marginal  distributions  are  es- 
timated nonparametrically.  Results  are  then  plugged 
into  the  copula  parameters  obtained  by  the  maximum 
likelihood  estimation.  This  latter  approach  is  called 
“canonical  maximum  likelihood”or  “maximum  pseudo- 
likelihood” and  is  based  on  the  empirical  estimation  of 
the  distribution  functions  F and  G.  This  strategy  is  ap- 
plied when  the  families  of  marginal  distributions  are 
unknown  (McNeil  et  al.,  2005).  In  all  these  cases,  to 
estimate  the  copula  C we  need  approximations  for  F 
and  G,  denoted  by  F and  G,  respectively.  These  quanti- 
ties are  known  as  “pseudo-samples”  or  “pseudo-obser- 
vations” and  provide  valuable  information  for  the  type 
of  dependency  between  the  original  variables  (see  Fig. 
2 and  McNeil  et  al.,  2005). 

We  obtained  the  empirical  posterior  distributions  for 
K and  LM,  where  the  exact  marginal  and  joint  family 
distributions  are  unknown.  We  consider  the  Gaussian 
copula  with  parameter  p,  |p|  <1,  which  is  the  usual 
correlation  coefficient  that  measures  the  linear  asso- 
ciation between  2 variables. 

The  Gaussian  copula  has  a nonclosed  form, 

i i _ i w^-2pwz+z^ 

\ 1 r0  ^ 2(1  -o2 * *)  ^ ^ fn\ 

CJu,v)  = , < / e dwdz,  (6) 

and  to  estimate  it,  the  likelihood  function, 

^P)  = £Hilog[c„  {E(Xi),G(yi)}],  (7) 

needs  to  be  maximized,  where  cp(a,b)=g^Cp(u, v) 

and  <P(.)  represents  the  cumulative  normal  distribution. 
We  are  following  the  maximum  pseudolikelihood  ap- 
proach where  the  marginal  distributions  F(x)  and  G(y) 
are  estimated  nonparametrically  as  follows: 

= (8) 

= <9) 

71  + 1 

Using  the  copula  estimate  parameters,  we  draw 
samples  from  Cd  = Cp,  as  suggested  in  Nelsen  (2006). 


Furthermore,  to  obtain  samples  on  the  same  scale  of  K 
and  Loo,  instead  of  the  (0,1)  interval,  we  apply  the  ap- 
propriate quantile  functions  to  the  simulated  marginal 
copula.  These  quantile  functions  depend  on  the  original 
marginal  distributions. 

M-at-!ength  estimation 


To  obtain  an  estimator  of  Equation  3,  we  take  N esti- 
mated values  of  parameters  I.-,,,  and  K,  represented  as 
Loo(j)  and  }&\  respectively,  j = 1 All  these  values  ; 
are  used  for  each  of  the  values  of  fish  lengths,  yi(  i = • 

1 ,...,J,  where  the  value  of  J is  one  of  the  distinct  val- 
ues of  the  age.  The  estimated  values  JRti)  and  LJj>  are 
obtained  from  either  the  Bayesian  chains  values  after 
convergence  or  from  the  copula  simulation.  To  complete 
the  estimator,  it  is  then  perturbed  with  the  uncertainty 
rji  (method  error)  of  Equation  4,  recovered  from  the  M 
modeling, 


M(J)  = #0)  r 

Ui  J 


GO) 


with  j = 1,...,IV,  i = 1 

In  order  to  emphasize  that  the  mortality  estimator  de- 
pends on  individual  i through  the  length  variable,  y, 
the  subscript  y,  is  added  to  the  notation.  Using  the 
Equation  10,  we  draw  samples  at  each  length  i.  Uncer- 
tainty in  the  VBGF  parameters  (trait  error)  is  guaran- 
teed by  using  Markov  chains  or  copula  iterations,  the 
incorporation  of  7|is  whereas  M estimators  have  their 
own  uncertainty  abridged  an  parameter. 

Furthermore,  to  include  the  dependence  structure 
between  age  and  length  in  the  mortality  estimation, 
we  use  the  predicted  value  L(x s)  instead  of  y-v  Using  j 
Equation  1,  we  obtain  the  mortality  estimator  with  the 
following  equation: 


AfJ f : 


i?(j) 


' Iff  | 

L(x#)J 


(11) 


where  j = 1,  . ,N; 

i = 1 and 

p = (Loo,K,i0)J  are  point  estimates,  such  as  median 
values  from  posterior  distribution  for  (Lm  K, 
if)  which  can  be  taken  from  previous  studies. 

Results  from  both  approaches,  with  Bayesian  chains  or 
copula  simulation,  are  then  compared. 

All  statistical  methods  used  in  this  study  were  de- 
veloped with  the  software  R2  (vers.  3.1.0  or  higher; 
R Core  Team,  2014).  Bayesian  estimations  were  car- 
ried out  with  the  program  JAGS,  vers.  3.4  or  higher 
(Plummer,  2003).  Copula  estimation  was  conducted 
with  the  R package  copula,  vers.  0.999-12  or  higher, 
developed  by  Hofert  et  al.  (2015).  The  length  and  the 


2 Mention  of  trade  names  or  commercial  companies  is  for  iden- 

tification purposes  only  and  does  not  imply  endorsement  by 

the  National  Marine  Fisheries  Service,  NOAA. 
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Table  1 

Mean  estimates,  with  standard  deviations  (SDs)  and 
95%  highest  posterior  density  (HPD)  intervals,  of 
Bayesian  log-normal  model  parameters  from  fitting 
the  regression  of  natural  mortality  (M)  to  the  von  Ber- 
talanffy  growth  function  parameters,  the  asymptotic 
length,  the  growth  rate  coefficient,  and  the  theoretical 
age  at  length  zero  by  using  the  Equation  4 and  data  in 
Charnov  et  al.  (2013). 


Parameter 

Estimates 

SD 

95%  HPD 
interval 

Po 

-0.050 

0.110 

-0.267,  0.163 

A 

-1.467 

0.125 

-1.714,-1.226 

A 

1.007 

0.075 

0.860,  1.153 

0.749 

0.041 

0.666,  0.825 

70 


0 5 10  15  20  25 


Age 

Figure  1 

Length-at-age  composition  for  southern  blue  whiting 
(. Micromesistius  australis)  collected  from  Chilean  con- 
tinental waters  during  1997-2010  (open  circles),  fitted 
with  the  von  Bertalanffy  growth  function:  the  solid 
line  corresponds  to  the  fit  of  the  log-skew-^  model  with 
a heteroscedastic  power  variance  function  (Table  2). 
Dashed  lines  correspond  to  the  95%  highest  posterior 
density  for  the  fitted  log-skew-£  model.  Fish  length  was 
measured  as  total  length  in  centimeters. 


burn-in  period  of  the  considered  chains  is  20,000  it- 
erations and  10,000,  respectively.  Last,  a machine 
running  on  Linux  (kernel  4.6),  with  an  Intel  Core 
i5  processor  (Intel  Corp.,  Santa  Clara,  CA)  and  7.7 
GB  of  random-access  memory,  processed  all  these 
computations. 


Table  2 

Mean  estimates,  with  standard  deviations  (SDs)  and 
95%  highest  posterior  density  (HPD)  intervals,  of  the 
von  Bertalanffy  growth  function  parameters  from  the 
power  log-skew-f  model.  The  parameters  are  asymptotic 
length  (L„),  growth  rate  coefficient  ( K ),  negative  theo- 
retical age  at  length  zero  (-t0),  heteroscedasticity  (p), 
dispersion  (a2),  skewness  (A),  and  degrees  of  freedom 
(v). 


95%  HPD 


Parameter 

Estimates 

SD 

interval 

L„ 

59.573 

0.090 

59.386,  59.755 

K 

0.162 

0.001 

0.159,  0.165 

~t0 

2.454 

0.042 

2.367,  2.541 

P 

-0.180 

0.009 

-0.197,  -0.161 

o2 

0.011 

0.001 

0.010,  0.013 

A 

-1.096 

0.053 

-1.200,  -0.997 

V 

14.322 

1.047 

12.457,  16.586 

Results 

Table  1 shows  the  estimates  from  the  M model  with 
Bayesian  inference.  Differences  between  these  results 
and  those  reported  in  Charnov  et  al.  (2013)  were 
caused  by  the  method  used  to  incorporate  uncertainty. 
However,  the  actual  values  of  the  estimated  parame- 
ters were  very  similar.  The  standard  deviation,  av,  is 
then  a key  parameter  underpinning  the  method  error, 
which  is  assumed  to  be  a log-normal  random  variable 
rj  in  Equations  10  and  11. 

Figure  1 shows  the  application  of  the  power  log- 
skew-t  model  fitted  to  the  observed  length-at-age  data 
(for  southern  blue  whiting)  by  using  the  VBGF  pa- 
rameters summarized  in  Table  2 and  estimated  with 
Bayesian  inference.  This  curve  was  created  by  simu- 
lating 10,000  log-skew-^  random  values  from  each  age 
and  then  by  taking  the  95%  highest  posterior  density 
interval.  Further  details  regarding  the  Bayesian  es- 
timation, such  as  residual  diagnostic  and  sensitivity 
analysis,  can  be  found  in  Lopez  Quintero  et  al.  (2017). 
Those  authors  also  showed  that  the  heteroscedastic 
parameter  allows  a better  model  with  small  variance 
across  observed  ages  in  southern  blue  whiting.  In  ad- 
dition, extreme  values  for  younger  and  older  fish  (i.e., 
<9  and  >16  years)  were  accounted  for  by  the  estimated 
degree  of  freedom  parameter.  Moreover,  the  credibility 
intervals  showed  that  observations  were  affected  by 
the  negative  heteroscedastic  parameter,  p. 

The  marginal  distributions  estimated  empirically 
with  Equations  8 and  9 and  the  pseudosamples  F and 
G from  copula  are  shown  in  Figure  2.  We  first  observed 
that  points  concentrate  around  the  diagonal  of  unit 
square.  The  relationship  between  pseudosamples  is 
linear  and  negative.  Particularly,  the  Bayesian  Markov 
chain  simulation,  shown  in  Figure  2A,  which  was  ob- 
tained directly  from  the  estimated  VBGF  parameters. 
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Figure  2 

Scatter  plots  of  pseudo-observations,  or  approximations  of  distribution  functions  (F  and  G ), 
from  simulations  (A)  where  Markov  chains  of  estimated  von  Bertalanffy  growth  function 
(VBGF)  parameters  were  used  directly  and  (B)  where  copulas  were  applied  to  the  posterior 
distribution  of  VBGF  parameters. 


In  Figure  2B,  the  relationship  between  both  parame- 
ters was  recovered  by  using  a Gaussian  copula  drawing 
from  the  empirical  posterior  distribution.  Both  plots 
corresponded  with  a graphical  representation  of  the 
intrinsic  dependence  of  the  pseudosamples. 

Figures  3A  and  3B  show  the  estimated  parameters 
from  chains  and  their  marginal  histograms  are  dis- 
played in  Figures  4A  and  4B.  The  histograms  in  Fig- 
ure 4C  and  4B  were  built  by  assigning  a roughly  heu- 
ristic normal  distribution  to  each  marginal,  but  other 
alternatives  are  still  possible.  These  plots  ensure  the 


dependence  and  shape  between  K and  L„  parameters. 
We  can  also  include  the  related  quantile  functions  in 
the  sample  generation  if  the  exact  distributions  for  K 
and  are  known.  In  our  study,  we  particularly  consid- 
ered the  Gaussian  copula  in  Figure  3B  because  of  the 
dependence  between  pseudosamples  generated  for  both 
marginal  posterior  distributions  of  K and  which 
looked  linear  and  strongly  negative  (Fig.  3A;  coeffi- 
cient of  correlation  [r]=  -0.912  (standard  error  0.006; 
£-value=  -157.14;  P-value  <0.001). 

Additionally,  both  methods  showed  a strong  correla- 


Figure  3 

Scatter  plots  of  asymptotic  length  (Lx)  and  growth  rate  coefficient  ( K)  of  the  von  Bertalanffy  growth 
function  showing  results  (A)  from  simulations  based  on  posterior  distribution  and  (B)  from  the  copula 
approach. 
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Histograms  of  the  asymptotic  length  (L„)  and  growth  rate  coefficient  ( K)  of  the  von  Berta- 
lanffy  growth  function  (A-B)  from  simulations  based  on  posterior  distributions  and  (C-D) 
from  the  copula  approach.  To  make  the  histograms  easy  to  compare,  they  were  built  to  have 
a total  area  of  1 (“density”  on  the  y-axis). 


tion  between  K and  L„.  Note  the  copula  method  keeps 
the  correlation  structure  reported  in  Siegfried  and 
Sanso  (2006)  and  Lopez  Quintero  et  al.  (2017).  These 
simulated  values  of  and  Lji\  from  both,  Markov 
chain  or  from  copula,  will  be  used  in  the  expression 
M-at-length  estimation. 

Figure  5 shows  the  simulated  M derived  from 
Equations  10  and  11,  by  using  both  the  Markov  chains 
and  copula  approaches.  Uncertainty  at  each  age  was 
incorporated  by  simulating  the  posterior  distribu- 
tions of  each  VBGF  parameter.  The  uncertainty  for  the 
method  error  was  incorporated  through  the  random 
variable  i]  (as  explained  in  the  Materials  and  meth- 
ods section).  The  empirical  distributions  related  to  the 
copula  method  showed  a similar  shape  to  that  with 
the  Markov  chains  method  because  we  have  assumed 
marginals  of  the  Gaussian  family.  The  empirical  dis- 
tributions behavior  can  change  depending  on  the  class 
of  copula  used  and  the  available  information  for  mar- 
ginals (dos  Santos  Silva  and  Lopes,  2008).  Moreover,  it 
has  been  assumed  that  M follows  a slow  exponential 
decay  with  length  (Gedamke  and  Hoenig,  2006).  On 


the  other  hand,  recent  empirical  and  theoretical  work 
has  shown  that  M represents  a decreasing  exponential 
function  of  length  in  fish  populations  (Gislason  et  al., 
2010;  Charnov  et  al.,  2013).  Specifically,  for  both  meth- 
ods, the  percent  change  in  the  median  values  from  the 
first  to  the  sixth  year  is  around  57%.  It  is  important 
to  note  that  the  most  of  the  methods  used  to  estimate 
M consider  this  parameter  as  constant  across  ages  and 
lengths  within  species  (e.g.  Pauly,  1980;  Hewitt  and 
Hoenig,  2005).  These  indirect  methods  are  based  on  the 
assumption  that  M remains  relatively  constant  in  fish 
after  they  reach  sexual  maturity. 

Discussion 

We  presented  a mortality  estimator  that  incorporates 
2 sources  of  variability  or  uncertainty.  One  of  them 
is  associated  with  the  VBGF  parameters  (trait  error) 
and  the  other  is  related  to  the  mortality  model  (model 
error)  which  is  related  to  uncertainty  in  the  original 
method  described  in  Charnov  et  al.  (2013).  In  relation 
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Figure  S 

Boxplots  of  estimates  of  natural  mortality  in  relation  to  total  length  (in  centimeters)  age  in  years 
(A)  from  direct  simulation  with  Markov  chains  and  (B)  with  the  use  of  the  copula  method.  The 
vertical  black  lines  correspond  to  the  observed  median,  the  boxes  represent  the  observed  interval 
from  the  25%  residual  quartile  to  the  75%  residual  quartile,  the  error  bars  are  the  observed  inter- 
val from  minimum  to  maximum  residual  value,  and  the  dots  are  atypical  residual  values. 


to  the  trait  error,  we  presented  2 ways  to  incorporate 
uncertainty  in  length-based  M estimators,  drawing  on 
an  empirical  distribution  of  VBGF  parameters.  First, 
the  applied  Bayesian  methods  simulate  the  M esti- 
mator directly  with  the  posterior  distribution  of  the 
VBGF  parameters,  with  the  method  of  Lopez  Quintero 
et  al.  (2017).  This  particular  approach  was  preferred 
over  that  for  traditional  distributions  (Siegfried  and 
Sanso,  2006;  Hamel,  2015),  because  this  type  of  data 
usually  contains  a degree  of  asymmetry  and  extreme 
values.  Additionally,  an  inadequate  distribution  may 
underestimate  the  real  variance  contained  in  the  data. 
The  model  used  gives  great  flexibility  in  modeling  het- 
eroscedasticity  by  adding  a function  dependent  on  the 
scale  cr2  and  a heteroscedastic  parameter,  p (Contreras- 
Reyes  et  al.,  2014).  In  addition,  a copula  method  was 
usedd  to  approximate  the  posterior  distribution  and 
calculate  the  M estimator.  The  method  proposed  in  this 
study  provides  a way  to  incorporate  uncertainty  in  the 
length-based  M estimator  proposed  by  Charnov  et  al. 
(2013),  while  acknowledging  both  method  and  traits  er- 
rors. Furthermore,  our  scheme  can  easily  be  extended 
to  generate  values  of  uncertainty  in  indirect  methods 
used  to  estimate  mortality,  and  therefore  has  the  poten- 
tial to  improve  actual  ad-hoc  methods  for  incorporating 


uncertainty,  such  as  in  Cubillos  et  al.  (1999);  Quiroz  < 
et  al.  (2010)  and  Wiff  et  al.  (2011).  Furthermore,  we  1 
recommend  the  copula  method  instead  of  the  Bayesian 
Markov  chain  approach  to  incorporate  uncertainty  in  \ 
the  M-at-length  estimates  for  2 reasons:  1)  the  copula  ; 
method  conserves  the  underlying  dependence  in  the 
posterior  distribution  (see  Figs.  3 and  4)  and  2)  it  uses  [ 
less  computing  time  than  the  Bayesian  Markov  chain 
approach.  For  example,  in  our  case  the  copula  method  j 
required  1 s to  compute  each  length  class,  whereas  the 
same  procedure  takes  at  least  20  h with  the  Bayesian 
Markov  chain  approach.  These  differences  in  computa- 
tional time  result  in  part  from  the  Metropolis-Hastings  ; 
algorithm  that  is  derived  from  the  kernel  of  likelihood 
function  and  discards,  by  construction,  many  proposed 
values  of  parameters.  Other  algorithms,  such  as  the 
Gibbs  sampler,  can  take  the  advantage  of  the  known 
conditional  distributions,  making  the  sampling  process  • 
faster. 

Additionally,  it  is  important  to  note  that  the  pro- 
posed M-at-length  estimators  are  not  conceptually 
limited  to  use  a Bayesian  estimation.  Researchers 
can  simulate  the  entire  M-at-length  structure  just  by 
knowing  the  dependence  between  parameters  Lx  and 
K.  This  can  be  achieved  by  reviewing  specialized  litera-  i 
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ture  about  the  species  under  study  and  incorporating 
this  information  in  the  copula  method.  In  addition,  the 
method  proposed  is  not  limited  to  the  use  of  Charnov 
et  al.  (2013)  estimator  as  the  underpinning  model  to 
relate  M and  growth  parameters.  A method  for  esti- 
mating M addressing  uncertainty  and  considering  en- 
vironmental factors  such  temperature  (e.g.,  Hewitt  and 
Hoenig,  2005)  can  also  be  used. 

As  pointed  out  in  the  introduction,  M is  a key  pa- 
rameter in  modeling  any  animal  population  but,  it  is 
crucial  for  harvested  fish  populations.  Natural  mortal- 
ity affects  these  populations  concurrently  and  continu- 
ously with  fishing  mortality  to  yield  the  total  mortality 
rate,  which  determines  the  decay  in  the  abundance  of 
a population  over  time  and  therefore  the  size  of  the 
stock.  Estimation  of  M within  stock  assessment  mod- 
els is  difficult,  and  resultant  estimates  are  usually  im- 
precise (Vetter,  1988;  Gavaris  and  Ianelli,  2002).  Stan- 
dard practice  is  therefore  to  use  a constant  value  for 
M across  sizes  or  ages — a value  that  is  derived  from 
indirect  methods  when  fitting  a population  model.  Most 
of  the  current  stock  assessment  models  are  age  or  size 
based,  and  therefore  the  incorporation  of  an  age  or  size 
constant  value  for  M is  misleading  and  may  introduce 
a critical  source  of  bias  in  abundance  estimates.  Recent 
stock  assessment  models  recognize  the  importance  of 
incorporating  size-dependent  mortality,  and  thus  incor- 
porating uncertainty  in  size-based  models  has  become 
highly  recommended  (e.g.,  Clark,  1999;  Fu  and  Quinn, 
2000;  Siegfried  and  Sanso1;  Gislason  et  al.,  2010;  Lee 
and  Chang3).  We  agree  with  Quiroz  et  al.  (2010)  in 
the  sense  that  uncertainty,  as  reported  here  for  size- 
based  M estimates,  can  then  be  integrated  into  stock 
assessment  models  and  used  for  management  analysis 
through  methods  such  as:  1)  sensitivity  analysis,  where 
an  assessment  is  conducted  repeatedly  for  several  val- 
ues of  size-based  M (see  McAllister  et  al.,  1994;  Pat- 
terson, 1999)  drawn  from  the  empirical  distributions 
using  copula  methods;  2)  Bayesian  framework,  by  set- 
ting the  empirical  distributions  as  prior  distributions 
of  size-based  M;  and  3)  state-space  models,  where  un- 
certainty in  M is  incorporated  as  one  of  the  random 
components  regulating  the  stochasticity  in  the  popula- 
tion dynamics  (i.e.  the  model  process  error;  see  Millar 
and  Meyer,  2000). 
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Abstract— The  narrownose  smooth- 
hound  ( Musteius  schmitti)  is  the 
most  exploited  elasmobranch  of  Ar- 
gentina, Brazil,  and  Uruguay  and  is 
considered  endangered  (IUCN  Red 
List  of  Threatened  Species).  Provid- 
ing information  on  age  and  growth 
can  improve  efforts  for  conserva- 
tion of  this  species.  Therefore,  our 
objective  was  to  provide  accurate 
estimates  of  the  age  structure  and 
growth  parameters  for  narrownose 
smooth-hound  from  Anegada  Bay, 
an  important  shark  nursery  area 
in  Argentina.  In  vertebrae  of  nar- 
rownose smooth-hound,  we  observed 
a pattern  of  alternating  opaque  and 
translucent  bands  and  a yearly  peri- 
odicity in  the  deposition  of  this  pat- 
tern. Ages  determined  from  verte- 
bral band  counts  ranged  from  0 to 
11  years.  Calculated  longevity  and 
total  natural  mortality  rates  were 
20.87  years  and  0.19/year  for  fe- 
males and  12.24  years  and  0.26/year 
for  males,  respectively.  This  species 
reached  a size  of  approximately  400 
mm  in  total  length  in  the  initial 
year  of  growth,  and  the  age  at  first 
maturity  was  7.61  years  for  females 
and  6.79  years  for  males.  The  slow 
growth  and  late  age  at  maturity  of 
the  narrownose  smoothhound  indi- 
cate a need  for  additional  conserva- 
tion measures  to  rebuild  the  popula- 
tion and  achieve  a sustainable  fish- 
ery in  the  3 countries  in  which  it  is 
distributed. 
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The  Chondrichthyes  make  up  a class 
of  vertebrates  that  are  usually  de- 
scribed as  late-maturing  fish  with 
a moderate-to-long  life  span  and  an 
extended  gestation  period  that  pro- 
duces a low  number  of  developed 
offspring  (Dulvy  et  al.,  2008).  Most 
chondrichthyans  have  limited  geo- 
graphic distributions  and  gather  in 
schools  by  age,  sex,  and  reproductive 
states  (Barker  and  Schluessel,  2005). 
The  characteristic  slow  population 
growth  of  these  elsasmobranchs  ren- 
ders them  highly  vulnerable  to  fish- 
ing pressure  (Dulvy  et  al.,  2008;  Cor- 
tes et  al.,  2010).  Globally,  chondrich- 
thyan  fish  populations  are  declining 
(Camhi  et  al.1) — a fact  aggravated 
by  a lack  of  knowledge  of  the  biology 
for  many  species.  This  lack  of  infor- 
mation makes  identifying  threats  to 


1 Camhi,  M.  D„  S.  V.  Valenti,  S.  V.  Ford- 

ham,  S.  L.  Fowler,  and  C.  Gibson 
(eds.).  2007.  The  conservation  status 
of  pelagic  sharks  and  rays.  Report  of  the 
IUCN  Shark  Specialist  Group  Pelagic 
Shark  Red  List  Workshop,  78  p.  IUCN 
Species  Survival  Commission  Shark 
Specialist  Group,  Newbury,  UK. 


conservation  challenging,  and  design- 
ing appropriate  management  mea- 
sures almost  impossible  (Molina  and 
Cooke,  2012). 

The  narrownose  smooth-hound 
{Musteius  schmitti)  is  a small  shark 
in  the  family  Triakidae  that  attains 
a maximum  total  length  (TL)  of  110 
cm  (Menni,  1985).  Endemic  to  the 
southwest  Atlantic  Ocean,  this  shark 
occurs  in  waters  over  the  continen- 
tal shelf,  from  coastal  waters  of  less 
than  50  m to  depths  up  to  120  m, 
throughout  its  range  from  southeast- 
ern Brazil  to  the  Argentinean  Pata- 
gonia (from  22°S  to  47°S)  (Menni, 
1985).  This  shark  is  known  to  mi- 
grate seasonally,  in  large  numbers, 
between  wintering  grounds  in  south- 
ern Brazil  and  summering  grounds  in 
Argentina  (Figueiredo,  1977;  Vooren, 
1997).  Seasonally,  it  also  frequents 
estuaries,  protected  bays,  and  gulfs 
(Lopez  Cazorla,  1987;  Chiaramonte 
and  Pettovello,  2000;  Colautti  et  al., 
2010;  Molina,  2013). 

The  narrownose  smooth-hound  is 
the  most  exploited  elasmobranch  spe- 
cies (by  both  industrial  and  artisanal 
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fishing  fleets)  found  on  the  continental  shelf  in  Argen- 
tina, Brazil,  and  Uruguay  (Massa  and  Lasta2).  The  ex- 
ploitation of  this  species  throughout  its  range  has  led 
to  declines  in  its  population  (Massa  et  al.3),  and  it  has 
a global  classification  of  endangered  (IUCN  Red  List  of 
Threatened  Species),  with  a designation  of  vulnerable 
in  Argentina  and  Uruguay  (Massa  et  al.,  2006).  Nar- 
rownose  smooth-hound  caught  off  the  coast  of  Brazil 
are  part  of  the  southern  stock  that  migrates  north  ev- 
ery year.  Therefore,  the  exploitation  in  nursery  areas, 
in  particular,  has  led  to  recruitment  overfishing  and  a 
decline  of  -85%  in  the  total  biomass  from  1975  to  1995 
(Haimovici,  1997).  In  Brazil,  this  species  is  categorized 
as  critically  endangered  in  the  IUCN  Red  List  of  Threat- 
ened Species  (Massa  et  al.,  2006).  Given  its  migratory 
behavior,  there  is  great  concern  for  the  conservation  of 
this  shark  over  its  entire  range  of  distribution  (Massa 
et  al.,  2006;  Molina  and  Lopez  Cazorla,  2011). 

Sustainable  fishing  of  small  coastal  sharks,  which 
have  a greater  recovery  potential  (Stevens  et  al.,  2000) 
than  their  larger  counterparts,  is  theoretically  possible 
to  achieve  if  the  key  biological  aspects  are  taken  into 
consideration  when  designing  management  policy.  The 
narrownose  smooth-hound  is  one  of  the  most  studied 
sharks  of  Argentina:  several  scientific  publications  de- 
scribe its  reproduction,  food  habits,  and  other  aspects 
of  its  biology  (Menni,  1985;  Menni  et  al.,  1986;  Cous- 
seau  et  al.4;  Chiaramonte  and  Pettovello,  2000;  Sidders 
et  al.,  2005;  Cortes  and  Massa5;  Segura  and  Milessi, 
2009;  Colautti  et  al.,  2010;  Molina  and  Lopez  Cazor- 
la, 2011).  However,  little  attention  has  been  paid  to 
age  and  growth  of  this  species.  To  date,  there  are  2 
documents,  a M.S,  thesis  from  Brazil  (Batista,  1988) 
and  a technical  report  from  Argentina  (Hozbor  et  al.6) 


2 Massa,  A.,  and  C.  A.  Lasta.  2000.  Recursos  a mantener: 
Gatuzo  ( Mustelus  schmitti).  In  Smtesis  del  estado  de  las 
pesquerias  maritimas  argentinas  y de  la  Cuenca  del  Plata. 
Anos  1997-1998,  con  una  actualizacion  de  1999.  Publicacio- 
nes  Especiales  INIDEP  (S.  I.  Bezzi,  R.  Akselman,  and  E.  E. 
Boschi,  eds.),  p.  129-137.  [Available  from  Instituto  Nacional 
de  Investigacion  y Desarrollo  Pesquero,  Paseo  Victoria  Ocam- 
po N°l,  Escollera  Norte,  B7602HSA  Mar  del  Plata,  Provincia 
de  Buenos  Aires,  Argentina.] 

3 Massa,  A.,  C.  A.  Lasta,  and  C.  R.  Carozza.  2004.  Estado 
actual  y explotacion  del  gatuzo  ( Mustelus  schmitti).  In  Los 
peces  marinos  de  interes  pesquero.  Caracterizacion  biologica 
y evaluacion  del  estado  de  explotacion.  Publicaciones  Es- 
peciales INIDEP  (R.  P.  Sanchez  and  S.  I.  Bezzi,  eds.),  p. 
67-83.  [Available  from  Instituto  Nacional  de  Investigacion 
y Desarrollo  Pesquero,  Paseo  Victoria  Ocampo  N°l,  Escollera 
Norte,  B7602HSA  Mar  del  Plata,  Provincia  de  Buenos  Aires, 
Argentina.] 

4 Cousseau,  M.  B.,  C.  R.  Carozza,  and  G.  J.  Macchi.  1998. 
Abundancia,  reproduccion  y distribucion  de  tallas  del  gatuzo 
( Mustelus  schmitti)  en  la  Zona  Comun  de  Pesca  Argentino- 
Uruguaya  y en  El  Rincon.  Noviembre,  1994.  INIDEP  Inf. 
Tec.  21:103-115.  [Available  from  website.] 

5 Cortes,  F.,  and  A.  Massa.  2006.  Aspectos  reproductivos  del 
gatuzo  ( Mustelus  schmitti).  Inf.  Tec.  INIDEP,  10  p.  [Avail- 
able from  website.] 

6 Hozbor,  N.  M.,  M.  Saez,  and  A.  M.  Massa.  2010.  Edad  y 
crecimiento  de  Mustelus  schmitti  (gatuzo),  en  la  region  cos- 
tera  bonaerense  y uruguaya.  INIDEP  Inf.  Invest.  49,  15  p. 
[Available  from  website.] 


that  deal  with  this  aspect.  Science-based  studies  on 
age  and  growth  are  crucially  important  for  research 
of  population  dynamics  because,  without  accurate  age 
and  growth  estimations,  it  is  impossible  to  perform 
adequate  fisheries  stock  assessments,  make  accurate 
forecasts,  and  provide  effective  management  (Chugu- 
nova,  1963;  Reeves,  2003;  Methot  and  Wetzel,  2013). 
Therefore,  the  aim  of  this  work  was  to  provide  accu- 
rate estimates  of  the  age  structure  and  growth  param- 
eters for  the  population  of  narrownose  smooth-hound  : 
from  Anegada  Bay,  an  important  shark  breeding  area  \ 
in  Argentina. 

Materials  and  methods 
Study  area 

Anegada  Bay,  located  in  the  south  of  Buenos  Aires 
Province  in  Argentina,  has  a wide  variety  of  habitats, 
including  wide,  muddy  intertidal  areas,  sandy  bottom 
substrates,  and  sand  and  gravel  beaches.  In  Anegada  '( 
Bay,  a multi-use  protected  area,  the  Reserva  Natural 
de  Uso  Multiple  Bahfa  San  Bias,  was  designated  in 
2001  (Provincial  Law  12788;  available  from  website), 
as  a means  of  preserving  not  only  fish  species  but  also 
a wide  variety  of  vertebrate  species,  such  as  several 
migratory  birds,  sea  lions,  and  terrestrial  mammals, 
that  use  the  bay  as  nesting  and  feeding  grounds.  This 
bay  is  also  considered  a potential  nursery  area  for 
narrownose  smooth-hound  (Molina  and  Lopez  Cazorla, 
2011).  Artisanal  and  recreational  fisheries  were  the 
main  human  activities  in  Anegada  Bay.  Whereas  the 
latter  still  continues,  in  recent  years,  artisanal  fish- 
ing has  been  prohibited  within  the  boundaries  of  the  > 
reserve. 

This  study  was  conducted  in  the  southern  part  of  J 
Anegada  Bay,  where  3 sampling  stations  were  estab- 
lished: San  Bias,  Rfa,  and  Los  Pocitos  (Fig.  1). 

Sampling  methods  and  data  collection 

Specimens  of  narrownose  smooth-hound  were  collected 
seasonally  in  2008:  in  February  (summer),  May  (au-  1 
tumn),  August  (winter),  and  November  (spring).  The 
fishing  gear  consisted  of  2 batteries  of  7 bottom  gill 
nets.  Each  net  was  25  m long,  2 m high,  and  had  dif- 
ferent mesh  sizes  (64,  70,  80,  105,  135,  150,  and  170 
mm  stretched)  so  that  a wide  range  of  fish  sizes  could 
be  captured.  Nets  were  placed  parallel  to  the  coast  of 
the  sampling  stations  at  dusk,  and  collected  12  hours 
later  at  dawn.  1 

All  fish  were  first  measured  in  situ  to  the  nearest 
centimeter  in  TL  and  subsequently  grouped  into  1-cm 
size  classes.  A subsample  composed  of  10  randomly  se- 
lected specimens  of  each  size  class  was  then  used  for  > 
further  analysis.  These  10  individuals  were  measured  to 
the  nearest  millimeter  in  TL,  their  sex  was  determined, 
and  the  portion  of  vertebral  column  from  below  the 
first  dorsal  fin  was  removed.  Vertebrae  portions  were 
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Figure  1 

Map  of  the  study  area  showing  the  3 sampling  stations,  Los  Pocitos, 
Ria,  and  San  Bias,  where  narrownose  smooth-hound  ( Mustelus  schmitti ) 
were  captured  in  2008  in  a protected  area,  the  Reserva  Natural  de  Uso 
Multiple  Bahia  San  Bias,  located  in  Anegada  Bay,  Buenos  Aires  Province, 
Argentina. 


stripped  of  soft  tissue  with  a scalpel  and 
frozen  for  transportation  and  storage. 

Preparation  and  sectioning  of  vertebrae 

Vertebrae  were  prepared  by  following 
the  methods  described  in  Cailliet  et  al. 

(1990),  Moulton  et  al.  (1992),  Natanson 
et  al.  (1995),  Campana  (2001),  Conrath 
et  al.  (2002),  and  Lessa  et  al.  (2016). 

Samples  were  cleaned  of  excess  tissue 
and  separated  into  individual  centra  so 
that  they  could  be  submerged  in  a so- 
lution of  2.5%  sodium  hypochlorite  to 
remove  connective  tissue,  without  com- 
promising the  interpretability  of  growth 
bands.  Bath  duration  varied  between  5 
and  30  min,  depending  on  the  size  of  the 
centra.  Afterward,  vertebrae  were  rinsed 
with  tap  water,  air  dried,  and  mounted 
on  transparent  epoxy  resin.  One  section 
(approximately  0.2  mm  thick)  was  then 
cut  transversely  through  the  focus  with  a 
diamond-bladed  IsoMet  Low  Speed  Saw7 
(Bueheler,  Lake  Bluff,  IL). 

Age  determination 

Vertebral  sections  were  examined  under 
a binocular  microscope  with  transmitted 
light  to  identify  opaque  (hypomineralized, 
wide)  and  translucent  (hypermineralized, 
narrow)  bands.  All  counts  were  made 
with  no  knowledge  of  size,  sex,  or  date 
of  capture  of  the  individual.  The  birth 
mark  was  identified  by  the  angle  change 
in  growth  bands  and  by  the  banding  pat- 
terns on  neonates  and  embryos.  Bands  consisting  of 
opaque  and  translucent  areas  were  identified  along 
the  corpus  calcareum  (Goldman  et  al.,  2012)  (Fig.  2)  in 
each  vertebra.  Variation  in  the  nature  of  the  border  of 
the  vertebra  was  used  to  verify  the  temporal  periodici- 
ty of  the  formation  of  each  band  type  (Campana,  2001). 
The  age  of  each  individual  fish  was  determined  by  the 
number  of  translucent  bands,  the  date  of  capture,  and 
the  date  of  birth,  which  was  assumed  to  be  1 January. 
This  assumption  is  supported  by  the  fact  that  a high 
proportion  of  gravid  females  were  captured  in  a previ- 
ous sampling  campaign  in  December  2007  and  by  the 
high  number  of  young  of  the  year  captured  in  February 
2008  (Colautti  et  al.,  2010).  For  example,  a fish  that 
was  captured  on  12  February  2008  and  had  2 bands 
was  calculated  to  have  an  age  of  408  d (1.12  years). 

Bias  and  precision  of  age  estimations  were  assessed 
according  to  the  methods  proposed  by  Goldman  et  al. 
(2012).  The  thin  sections  of  vertebrae  from  the  same 


7 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


specimen  were  read  twice  by  2 different  readers,  and 
the  analysis  of  bias  in  age  determination  was  carried 
out  with  a bias  plot  (Campana  et  al.,  1995;  Officer  et  al., 
1996).  The  indices  of  average  percent  error  (Beamish 
and  Fournier,  1981)  and  the  average  coefficient  of 
variation  (Chang,  1982)  were  calculated  to  assess  the 
precision  of  the  age  determination  between  the  2 read- 
ers as  well  as  between  both  readings  of  each  reader 
(Ogle,  2015).  Differences  in  readings  between  readers 
were  reconciled  by  both  readers  reading  a third  time 
the  samples  for  which  they  had  different  band  counts. 
If  agreement  on  a band  count  was  not  reached  with  the 
additional  readings,  the  sample  was  eliminated  from 
further  analysis. 

Estimates  of  somatic  growth 

To  model  growth,  we  used  partial  ages  because  they 
have  been  shown  to  be  more  accurate  than  rounded 
ages  (Smart  et  al.,  2013).  To  calculate  the  partial  ages, 
we  used  the  fraction  of  the  year  that  had  elapsed  from 
the  time  of  birth  to  the  time  each  individual  was  col- 
lected. Partial  ages  were  then  grouped  in  0.5-year  bins. 
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Figure  2 

Image  of  a transverse  section  of  the  centrum  of  a vertebra  of  a nar- 
rownose  smooth-hound  ( Mustelus  schmitti ) caught  in  Anegada  Bay, 
Argentina,  in  2008.  The  white  dots  indicate  growth  bands  (narrow 
and  hypermineralized).  The  first  dot  from  the  centrum  is  the  birth 
mark. 


We  modeled  growth  by  using  a multimodel  approach,  a 
method  recommended  over  the  use  of  a single-model  ap- 
proach (Cailliet  et  al.,  2006;  Katsanevakis  and  Marave- 
lias,  2008;  Ogle,  2015).  To  fit  the  age  data,  7 candidate 
growth  models  were  chosen  a priori:  3 variants  of  the 
von  Bertalanffy  growth  function  (VBGF)  (von  Berta- 
lanffy,  1938),  plus  Francis  and  Mooij  parameterizations 
of  the  VBGF  model  (Table  1;  Francis,  1988;  Mooij  et 
al.,  1999);  the  logistic  function  (Ricker,  1976);  and  the 
Gompertz  function  (Gompertz,  1825)  with  the  parame- 
terization of  Ricker  (1976).  The  3 variants  of  the  VBGF 
model  used  the  original,  traditional,  and  fixed  length- 
at-birth  parameter  (L0),  respectively.  The  advantage  of 
the  model  with  the  Francis  parameterization  lies  in  the 
noncorrelation  between  the  growth  coefficient  ( K)  and 
the  asymptotic  length  (ZO  parameters  (Francis,  1988). 
The  model  with  the  Mooij  parameterization  estimates 
the  (Gjnjt)  parameter,  which  has  a clear  biological  inter- 
pretation as  the  initial  growth  rate  in  length  per  year; 
in  contrast,  the  VBGF  growth  parameter  K cannot  be 
interpreted  biologically  (Mooij  et  al.,  1999). 

For  the  fixed-L0  variant  model  and  the  model  with 
the  Mooij  parameterization,  L0  was  calculated  by  fol- 
lowing Conrath  (2005)  and  using  a value  that  repre- 
sents a compromise  between  the  largest  embryo  and 
the  smallest  free-living  individual  captured.  For  the 
original  VBGF  and  logistic  models,  L0  was  estimated 
by  the  nonlinear  least-squares  routine.  The  use  of  L0 


is  biologically  meaningful  for  chondrichtyan 
fishes  (Cailliet  et  al.,  2006).  The  parameter 
can  be  compared  directly  between  mod- 
els (the  Francis  parameterization  of  the 
VBGF  allows  for  calculation  of  L«,  and  K\ 
Ogle,  2015  ).  In  contrast,  the  parameters  of 
growth  completion  of  each  model,  K (VBGF), 

G (Gompertz),  g (logistic),  and  Ginit  (Mooij), 
cannot  be  compared  because  they  are  mea- 
sures of  different  processes. 

For  each  model,  the  parameter  estimates 
that  were  best  fitted  to  the  data  were  calcu- 
lated by  using  the  nls  function  in  the  statis- 
tical software  R,  vers.  3.2.4  (R  Core  Team, 
2016)  and  specific  functions  from  the  FSA 
package,  vers.  0.8.1,  in  R (Ogle,  2015). 

Back-calculation  methods  are  used  to  de- 
scribe the  growth  history  (lengths  at  previ- 
ous ages)  of  each  individual  fish,  and  cur- 
rently there  are  many  approaches  in  use: 
Francis  (1988)  provides  a thorough  revi- 
sion of  back-calculation  methods,  and  Gold- 
man et  al.  (2012)  and  Cailliet  et  al.  (2006) 
provide  a review  of  these  methods  applied 
to  chondrichthyan  fishes.  We  employed  a 
Fraser— Lee  approach  to  back  calculate  the 
length-at-age  data,  with  which  we  fitted  our 
models  to  estimate  the  growth  parameters,  [ 
and  compared  length  at  ages  calculated 
from  our  observational  data. 

To  assess  the  fit  of  each  model,  we  used  a 
bias-corrected  Akaike  information  criterion 
(AICc)  and  the  Bayesian  information  criterion  (BIC) 
(Burnham  and  Anderson,  2002;  Katsanevakis,  2006; 
Zhu  et  al.,  2009;  Lopez  Cazorla  et  al.,  2014).  The  model 
with  the  lowest  AICc  and  BIC  values  was  chosen  as  the 
most  appropriate  to  describe  the  growth  of  narrownose 
smooth-hound. 

Differences,  by  sex,  in  estimates  of  growth  param- 
eters from  the  selected  model  were  assessed  with  i 
likelihood  ratio  tests  (Rimma,  1980)  and  extra  sum- 
of-squares  tests  (Ritz  and  Streibig,  2008).  To  identify 
which  growth  parameter  differ  between  sexes,  we  fitted 
iterative  models:  the  most  complex  model  represents  ! 
the  case  where  all  3 growth  parameters  differ  among 
sexes.  The  simplest  model  represents  the  case  where 
none  of  the  parameters  differ  between  females  and 
males.  Between  these  2 extremes,  we  built  3 models 
where  2 parameters  differ  and  3 models  where  only  1 i 
parameter  differs  between  sexes  (Ogle,  2015).  Protocols  : 
for  selection  of  AICc  and  BIC  were  used  to  select  the 
most  appropriate  model,  as  described  previously. 

To  test  the  overall  growth  performance,  the  growth  1 
performance  index  (<J>)  was  calculated  (Pauly,  1984)  by 
employing  the  parameters  from  the  selected  model: 

4>  = lcgio^  + 21og10ZO  (1) 

This  index  is  useful  because  it  reduces  the  correlation  be- 
tween L„  and  K,  and  that  reduction  is  desirable  for  com- 
parisons of  growth  among  studies  of  different  species. 
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Table  1 

Equations  of  the  7 growth  models  fitted  to  the  length-at-age  data  of  nar- 
rownose  smooth-hound  ( Mustelus  schmitti)  collected  in  2008  in  Anegada  Bay, 
Argentina,  where  VBGF=the  von  Bertalanffy  growth  function;  Lt=length  at 
age  t ; L0=  length  at  age  0;  L0*=the  fixed  length  at  age  0;  ti=age  1;  t3=the 
maximum  age  recorded;,  t2=&n  age  between  t\  and  t3,  Lx=length  at  age 
L2=length  at  age  L3=length  at  age  t3;  L„=asymptotic  length;  and  K,  g, 
G,  and  Ginit=the  growth  coefficients  of  the  different  models.  In  the  Francis 
model,  r=(L3-L2)  / (Z^-Lj).  In  the  Gompertz  model,  a=the  instantaneous 
growth  rate  at  the  inflection  point  of  the  curve. 


Model 


Growth  function 


Original  VBGF 
Traditional  VBGF 
Fixed-Lo  VBGF 
Francis 
Mooij 
Logistic 
Gompertz 


Lt=  L0  + (Lm  - L0)  x (1  - expl-K  x *>) 

Lt=  L„  x(l  -eXpl-K(t-t0M) 

Lt  = L0*  + (L„  - L0*)  x (1  - exp(_K  « «) 

Lt=  Lj  + (L3  - Lj)  x ([1  - r2«l  - ‘D ' I43  - “»]  / [1  - r2]) 
Lt  = (Ginit  x [L«,  - L0*]  /LJ  exp(Ginit/L“,t 
Lt  = (L0  * LJ/  (L0  + [Lm  - L0])  exp(_g  x 
Lt=  L0X  (ex pGll-expl-gxt))) 


The  longevity  was  assumed  to  be  the  age  at  95%  of 
! L„  by  using  Fabens  (1965)  equation.  Natural  mortality 
1 (M)  was  calculated,  by  following  Booth  et  al.  (2011), 

1 as  the  median  of  the  empirical  model  of  Pauly  (1980), 
Hoenig  (1983),  and  Jensen  (1996): 

^(Pauiy)  = exp(-0.0152  - 0.2791nLoo 

+ 0.6543111#  + 0.4631nT),  (2) 

•^(Hoenig)  = exp(1.44  - 0.9821n£max)),  and  (3) 

M(Jensen)=  1.6#,  (4) 

where  L„  and  # = the  VGBF  model  parameters; 

T = the  mean  water  temperature  (12. 7°C);  and 
fmax  = the  age  of  the  oldest  fish  sampled  (Hoenig, 
1983). 

Results 

A total  of  1577  narrownose  smooth-hound,  with  sizes 
ranging  from  300  to  810  mm  TL  (mean:  460  mm  TL 
[standard  error  (SE)  90  mm];  mode:  390  mm  TL),  were 
; collected.  Of  these  sharks,  245  were  subsampled.  Siz- 
es of  subsampled  fish  ranged  from  320  to  810  mm  TL 
(mean:  490  mm  [SE  90  mm  TL];  mode:  400  mm  TL)  (Fig. 
3).  Of  the  fish  examined,  52.46%  were  females,  ranging 
in  size  between  331  and  810  mm  TL,  and  47.54%  were 
males,  with  a size  range  of  320-791  mm  TL. 

In  the  vertebrae  of  narrownose  smooth-hound,  we 
observed  a pattern  of  alternating  opaque  and  translu- 
cent bands  and  an  annual  cycle  in  the  seasonal  evo- 
! lution  of  the  proportion  of  translucent  edges  (Fig.  4). 
Vertebrae  with  translucent  margins  increased  in  Feb- 
ruary (summer),  reached  a 76%  peak  in  May  (autumn), 
and  decreased  to  a value  of  approximately  11%  from 
j August  (winter)  to  November  (spring). These  data  indi- 
| cate  a yearly  periodicity  in  translucent  band  formation. 
; The  total  number  of  individuals  used  for  this  analysis 


was  slightly  smaller  than  the  total  subsample  number 
because  of  illegibility  of  the  edge  of  the  vertebra  of  23 
individuals.  This  illegibility  was  the  result  of  an  error 
in  the  concentration  of  hypochlorite  used  for  cleaning. 
The  outer  layer  of  these  23  vertebrae  was  corroded  by 
hypochlorite  and,  therefore,  was  illegible. 

The  ages  determined  for  the  total  population  ranged 
from  0 to  11  years.  A pattern  of  increase  in  length  with 
age  was  observed  (Table  2);  however,  this  pattern  was 
not  consistent  at  some  ages,  particularly  at  ages  of 
0-1  years  and  above  6-7  years,  where  the  number  of 
individuals  was  proportionally  low.  Results  for  back- 
calculated  length  at  age  indicated  a more  consistent 
pattern  of  increase  in  length  with  age  but  also  abrupt 
leaps  in  length  at  older  ages.  The  age  bias  plot  shows 
no  systematic  bias  between  the  2 readers  (Fig.  5),  with 
a range  of  error  from  -2  to  1 band,  and  a percent- 
age of  agreement  of  82.45%.  Estimation  of  ages  was 
highly  precise,  according  to  the  average  percent  error 
and  average  coefficient  of  variation  (4.54%  and  3.23%, 
respectively).  Band  counts  by  reader  1 had  a range  of 
error  of  -3  to  3 bands  and  a percentage  of  agreement  of 
87.82%.  Obtained  values  of  average  percent  error  and 
average  coefficient  of  variation  for  reader  1 indicate  a 
precise  age  estimation  (3.94%  and  2.79%,  respectively). 
Band  counts  by  reader  2 had  a range  of  error  from  -4 
to  3 bands  and  a percentage  of  agreement  of  82.88%. 
Average  percent  error  and  average  coefficient  of  varia- 
tion for  reader  2 indicate  precise  age  estimation  (3.05% 
and  2.15%,  respectively). 

Age  1 was  the  most  predominant  age  for  both  sexes, 
representing  19.54%  of  all  females  and  19.64%  of  all 
males,  followed  by  age  2 for  females  with  18.04%  and 
age  3 for  males  with  17.85%  (see  Table  2). 

Our  back  calculation  of  length-at-age  data  produced 
2162  observations.  Back-calculated  mean  and  SE  val- 
ues are  presented  in  Table  2.  Although  within  the  SE 
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Figure  3 

Size  distribution  of  the  narrownose  smooth-hound  ( Mustelus  schmitti)  caught 
in  Anegada  Bay,  Argentina,  in  2008.  The  white  bars  represent  the  total  sample 
(n=1547)  at  a given  total  length,  and  the  black  bars  represent  the  subsample 
composed  of  10  randomly  selected  specimens  of  each  size  (n=245).  Samplings 
were  conducted  in  February  (summer),  May  (autumn),  August  (winter)  and  No- 
vember (spring). 


Summer  Autumn  Winter  Spring 


Figure  4 

Seasonal  change  in  the  percentage  of  translucent  bands  at  the  edge  of  the  ver- 
tebrae of  narrownose  smooth-hound  ( Mustelus  schmitti)  caught  in  Anegada  Bay, 
Argentina,  in  2008.  The  numbers  above  the  bars  indicate  the  number  of  indi- 
viduals sampled  in  each  season.  Sampling  was  conducted  seasonally  in  February 
(summer),  May  (autumn),  August  (winter),  and  November  (spring).  Note  that 
the  vertebrae  of  222  individuals  were  used  for  age  determination — a number 
slightly  smaller  than  the  the  size  of  the  subsample  (n=245)  because  23  individu- 
als were  not  used  as  a result  of  the  ilegibility  of  the  edge  of  their  vertebrae. 
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Table  2 

Mean  length  at  age  of  male  and  female  narrownose  smooth-hound  ( Mustelus  schmitti ) collected  in  2008  in  Anegada  Bay, 
Argentina,  according  to  vertebral  readings.  Fish  lengths  are  given  as  total  lengths  (TLs)  in  centimeters,  with  standard  errors 
(SEs).  Back-calculation  methods  are  used  to  describe  the  growth  history  (lengths  at  previous  ages)  of  each  individual  fish 
sampled,  providing  a much  larger  sample  size  to  perform  modeling  of  growth  to  compare  with  growth  from  the  observed  data. 

Age 

Observed  data 

Back-calculated  data 

Females 

Males 

Females 

Males 

n 

Mean  TL 

SE 

n 

Mean  TL 

SE 

n 

Mean  TL 

SE 

n 

Mean  TL 

SE 

0 

2 

364.5 

44.6 

7 

348.3 

50.2 

247 

372.0 

35.7 

237 

369.4 

37.2 

1 

26 

396.7 

38.4 

22 

390.8 

43.1 

223 

437.3 

48.4 

187 

440.2 

46.5 

2 

24 

451.2 

54.9 

17 

451.1 

39.5 

175 

498.1 

50.9 

145 

495.4 

47.0 

3 

13 

489.7 

63.4 

20 

504.5 

40.3 

142 

540.9 

52.6 

110 

530.2 

46.8 

4 

10 

522.4 

49.0 

14 

551.9 

40.2 

126 

572.3 

48.8 

75 

559.1 

45.3 

5 

10 

553.1 

62.6 

9 

570.3 

39.3 

100 

591.9 

49.6 

66 

582.1 

46.3 

6 

11 

584.0 

43.4 

8 

576.1 

51.5 

87 

616.6 

55.1 

39 

596.9 

45.9 

7 

10 

587.3 

50.2 

5 

601.6 

47.2 

63 

639.5 

51.4 

24 

625.2 

43.7 

8 

6 

618.3 

45.0 

5 

615.8 

27.2 

41 

654.6 

46.2 

19 

658.9 

64.0 

9 

9 

634.7 

38.9 

3 

661.0 

48.5 

24 

692.4 

51.5 

12 

681.6 

50.9 

10 

9 

687.8 

35.0 

1 

669.0 

14 

733.7 

45.8 

2 

718.7 

86.9 

11 

3 

755.7 

61.2 

1 

791.0 

2 

761.0 

0.0 

2 

791.0 

0.0 

° 1 
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Age  estimated  by  reader  1 

Figure  5 

Differences  in  estimated  ages  (in  years)  for  2 readers  of  vertebrae  of  narrownose 
smooth-hound  ( Mustelus  schmitti)  caught  in  Anegada  Bay,  Argentina,  in  2008. 
The  dashed  line  represents  total  agreement  of  the  readers,  and  the  dots  indicate 
differences  between  readers  for  individuals  of  each  age,  with  darker  shading 
representing  a greater  number  of  individuals.  The  short,  black  horizontal  dashes 
represent  the  mean  ages  of  individuals  in  each  age  class,  and  the  vertical  lines 
represent  the  standard  deviations  of  the  means. 
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Original  and  traditional  von  Bertalanffy Francis 

Fixed-Lo  and  Mooij  Gompertz  Logistic 


Age  (years) 

Figure  6 

Growth  curves  for  (A)  females,  (B)  males,  and  (C)  the  entire  sample 
of  narrownose  smooth-hound  ( Mustelus  schmitti)  captured  in  Anegada 
Bay,  Argentina,  in  2008.  Black  dots  indicate  data  points  for  females  and 
males.  Note  that  curves  for  the  original  and  traditional  VBGF  models 
and  for  the  fixed-L0  variant  and  the  model  with  the  Mooij  parameteriza- 
tion are  identical;  therefore,  each  pair  has  only  one  type  of  line. 


values  of  the  means  from  the  obser- 
vational data,  back-calculated  lengths 
were  higher  than  the  observed  lengths 
(i.e.,  a slight  positive  Lee  phenome- 
non occurred  in  the  data).  This  trend 
was  more  evident  for  females  than  for 
males. 

The  7 growth  models  used  to  deter- 
mine the  growth  parameters  of  nar- 
rownose smooth-hound  fitted  the  age 
data  adequately  (Fig.  6,  A and  B). 
For  females,  the  original  and  tradi- 
tional VBGF,  Francis  parameterization 
(Lm= 888.93,  calculated  from  L1;  L2,  and 
L3),  and  Gompertz  models  provided 
somewhat  similar  estimates  for  L„. 
In  comparison  with  results  from  those 
models,  L„  from  the  fixed-L0  variant 
and  the  model  with  the  Mooij  function 
were  lower,  and  the  logistic  model  pro- 
vided an  intermediate  estimate  of  L„. 
For  males,  the  situation  was  analogous; 
however,  from  the  logistic  model  was 
similar  to  the  values  of  L„  estimated 
by  the  original  and  traditional  VBGF, 
Francis  parameterization  (L«=748.05, 
calculated  from  Llt  L2,  and  L3),  and 
Gompertz  models.  These  parameter  es- 
timates are  shown  in  Table  3.  Back-cal- 
culated data  fitted  to  the  growth  func- 
tions that  were  employed  produced  re- 
sults similar  to  those  obtained  from  the 
observational  data.  It  is  worth  noting 
that,  for  females,  the  estimates  for  L„ 
were  lower  than  those  obtained  from 
the  observational  data,  but,  for  males, 
this  pattern  was  not  observed  (Table  3). 

For  females,  the  original  and  tradi- 
tional VBGF  variants  and  the  model 
with  the  Francis  parameterization  of 
the  VBGF  produced  the  smallest  AIC 
and  BIG  values  and  the  highest  Akaike 
weight  of  evidence  ( w , the  conditional 
probability  of  each  model);  when  com- 
bined, these  3 growth  models  repre- 
sented more  than  65%  of  the  weight 
of  evidence  (Table  4).  The  Gompertz 
model  ranked  second  with  a w of  0.17 
for  females.  The  fixed-L0  VBGF  variant 
and  the  model  with  the  Mooij  parame- 
terization of  the  VBGF  produced  higher 
values  of  AIC  and  BIG  and  a low  w for 
females.  For  males,  the  fixed-L0  vari- 
ant and  the  model  with  the  Mooij  pa- 
rameterization had  the  lowest  AIC  and 
BIG  values  and  high  w.  Although  the 
original  and  traditional  variants  and 
the  model  with  the  Francis  parameter- 
ization ranked  second,  they  account 
for  much  of  the  combined  w.  All  model 
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Table  3 

Mean  estimates,  observed  and  back  calculated  (BC)  with  standard  errors  (SEs),  of  growth  parameters  for  the  narrownose 
smooth-hound  ( Mustelus  schmitti)  ca'ptured  in  Anegada  Bay,  Argentina,  in  2008,  determined  with  the  7 growth  models. 
VBGF=the  von  Bertalanfy  growth  function;  L^length  at  age  1;  L2=the  length  at  an  age  between  1 and  the  maximum  age 
recorded;  L3=length  at  maximum  age  recorded,  LM= the  asymptotic  length;  and  K,  g,  G,  and  Ginit=the  growth  coefficients  of 
the  different  models.  Lengths  are  given  as  total  lengths  in  centimeters. 


Females  Males  Sexes  combined 


Growth  model 

Observed 

estimate 

SE 

BC 

estimate 

BC 

SE 

Observed 

estimate 

SE 

BC 

estimate 

BC 

SE 

Observed 

estimate 

SE 

BC 

estimate 

BC 

SE 

Original  VBGF 

893.71 

109.23 

864.89 

33.01 

762.56 

72.15 

786.43 

62.55 

855.14 

77.52 

878.81 

13.80 

L0 

365.96 

13.34 

387.78 

9.14 

334.58 

16.21 

390.35 

9.53 

342.89 

10.53 

370.63 

2.97 

K 

0.061 

0.036 

0.166 

0.028 

0.151 

0.047 

0.137 

0.036 

0.104 

0.026 

0.150 

0.014 

Traditional  VBGF 

L„ 

893.73 

109.23 

864.88 

33.01 

762.56 

72.16 

786.43 

62.55 

855.14 

77.52 

878.81 

13.80 

K 

0.061 

0.036 

0.166 

0.028 

0.151 

0.047 

0.137 

0.036 

0.104 

0.026 

0.150 

0.014 

h 

-6.95 

1.93 

-4.26 

0.60 

-3.82 

0.92 

-5.02 

0.92 

-4.93 

0.83 

-4.60 

0.19 

Fixed-Lo  VBGF 

765.81 

34.80 

718.31 

13.51 

710.39 

33.45 

702.44 

18.66 

745.20 

24.04 

758.38 

6.36 

K 

0.160 

0.024 

0.217 

0.019 

0.190 

0.030 

0.340 

0.025 

0.169 

0.016 

0.174 

0.016 

Francis 

365.96 

13.34 

387.78 

9.14 

334.58 

16.21 

390.35 

9.53 

342.89 

10.53 

373.36 

6.58 

l2 

564.92 

7.17 

613.59 

3.28 

578.09 

6.89 

599.62 

4.06 

573.34 

4.70 

608.32 

2.55 

l3 

706.33 

15.43 

704.18 

10.79 

683.05 

21.78 

698.32 

16.49 

700.12 

12.12 

704.26 

9.09 

Mooij 

L„ 

765.81 

34.80 

718.31 

13.51 

710.39 

33.45 

702.44 

18.66 

745.20 

24.04 

758.38 

6.36 

Ginit 

119.31 

10.72 

162.80 

8.47 

137.22 

13.65 

155.10 

10.48 

125.62 

8.16 

146.45 

7.70 

Gompertz 

L„ 

862.53 

102.37 

840.93 

24.81 

742.70 

43.51 

751.05 

44.11 

788.81 

47.01 

749.33 

22.76 

G 

-0.13 

0.11 

-0.46 

0.04 

-0.28 

0.06 

-0.44 

0.07 

-0.20 

0.06 

-0.44 

0.04 

t 

0.13 

0.04 

0.22 

0.03 

0.22 

0.05 

0.19 

0.04 

0.16 

0.03 

0.21 

0.02 

Logistic 

L„ 

815.52 

51.93 

777.30 

8.38 

758.68 

51.94 

757.36 

11.37 

753.75 

34.22 

730.46 

18.14 

L0 

362.80 

11.73 

382.14 

8.86 

340.32 

13.24 

398.74 

7.87 

354.13 

8.64 

398.88 

5.36 

g 

0.182 

0.020 

0.406 

0.018 

0.208 

0.027 

0.402 

0.023 

0.223 

0.028 

0.260 

0.023 

curves  fitted  to  the  growth  data  can  be  observed  in  Fig- 
ure 6A  for  females  and  6B  for  males.  Note  that  the 
original  and  traditional  VBGF  variants  and  the  model 
with  the  Francis  parameterization  of  the  VBGF  have 
the  exact  same  AIC  and  BIG  values  because  they  are 
algorithmic  modifications  of  the  same  model;  hence, 
AIC  and  BIG  values  will  not  change.  The  same  is  true 
for  the  fixed-L0  variant  and  the  model  with  the  Mooij 
parameterization  of  the  VBGF. 

We  chose  to  use  the  original  VBGF  model  in  our 
comparisons  of  growth  between  sexes  for  narrownose 
smooth-hound.  The  likelihood  ratio  test  for  the  origi- 
nal VBGF  model  revealed  no  significant  differences  in 
growth  between  sexes  for  each  parameter  (mean 

1.94  [SE  0.22];  P>0.15).  Extra  sum-of-squares  tests 
produced  a similar  result,  failing  to  identify  any  differ- 
ences in  the  growth  parameters  between  sexes  (mean 
F=1.28  [SE  0.51];  P>0.15).  The  AIC,  BIC,  and  w values 
presented  in  Table  5 also  indicate  that  there  were  no 
differences  between  sexes  in  growth  parameters.  For 
females  and  males  combined,  estimates  of  the  growth 
parameters  from  the  7 growth  models  are  shown  in 
Table  3,  with  the  corresponding  fitted  growth  curve 
shown  in  Figure  6C. 

The  overall  <|),  calculated  by  using  the  parameters 
of  the  original  VBGF  model,  was  4.69  for  females  and 

4.94  for  males. 


Longevity  was  20.87  years  and  12.24  years  for  fe- 
males and  males,  respectively.  Total  natural  mortal- 
ity rates  were  0.19/year  and  0.26/year  for  females  and 
males,  respectively. 

Discussion 

Age  and  growth  estimates  for  fish  have  been  shown  to 
be  highly  dependent  on  the  size  range  of  collected  sam- 
ples (Campana,  2001).  For  example,  Lessa  et  al.  (2016) 
in  their  study  of  the  crocodile  shark  ( Pseudocarcharias 
kamoharai)  did  not  capture  small  individuals,  and  the 
lack  of  small  fish  introduced  a bias  in  their  estimates 
of  the  growth  parameters.  This  bias  makes  their  re- 
sults applicable  to  only  the  study  area  or  appropriate 
for  extrapolation  only  for  populations  with  a similar 
size  composition.  In  long-lived  species  >30  years,  e.g. 
Lamniformes  like  the  white  shark  ( Carcharodon  car- 
charias ),  or  the  shortfin  mako  ( Isurus  oxyrinchus), 
the  lack  of  larger  individuals  in  a sample  can  result 
in  an  underestimation  of  maximum  age  (Ardizzone  et 
al.,  2006;  Natanson  et  al.,  2006;  Hamady  et  al.,  2014; 
Andrews  and  Kerr,  2015).  In  our  study  of  narrownose 
smooth-hound,  the  size  of  individuals  captured  ranged 
from  300  mm  TL  up  to  810  mm  TL;  in  other  studies, 
individuals  >850  mm  TL,  when  present,  have  not  been 
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Table  4 

Akaike  and  Bayesian  information  criterion  (AIC  and  BIC)  values  and  Akaike  weight  of  evi- 
dence ( w ) for  the  7 growth  models  applied  to  the  age  data  of  the  narrownose  smooth-hound 
{Mustelus  schmitti)  captured  in  2008  in  Anegada  Bay,  Argentina.  VBGF=von  Bertalanfy 
growth  function. 


Growth  model 

Females 

Males 

AIC 

BIC 

w 

AIC 

BIC 

w 

Original  VBGF 

1396.4 

1407.9 

0.22 

1213.5 

1224.4 

0.14 

Traditional  VBGF 

1396.4 

1407.9 

0.22 

1213.5 

1224.4 

0.14 

Fixed-Lo  VBGF 

1401.6 

1410.3 

0.02 

1212.4 

1220.6 

0.24 

Francis 

1396.4 

1407.9 

0.22 

1213.5 

1224.4 

0.14 

Mooij 

1401.6 

1410.3 

0.02 

1212.4 

1220.6 

0.24 

Gompertz 

1396.9 

1408.4 

0.17 

1214.9 

1225.8 

0.07 

Logistic 

1397.5 

1409.0 

0.13 

1216.3 

1227.2 

0.03 

abundant  (Menni,  1985;  Lopez  Cazorla,  1987;  Batista, 
1988;  Massa  and  Lasta2;  Hozbor  et.  al.6).  Some  authors 
have  reported  maximum  sizes  for  this  species  of  up 
to  1020  mm  TL,  but  fish  in  their  studies  were  found 
in  populations  that  inhabited  open  waters  (Hozbor  et 
al.6);  all  published  studies  conducted  on  populations  in- 
habiting the  coastal  areas  of  Argentina  have  reported 
size  ranges  similar  to  those  of  our  study  (Chiaramonte 
and  Pettovello,  2000;  Sidders  et  al.,  2005;  Segura  and 
Milessi,  2009).  It  is  because  of  this  similarity  in  size 
ranges  that  we  consider  our  findings  representative 


Table  5 

Akaike  and  Bayesian  information  criterion  (AIC  and 
BIC)  values  and  Akaike  weight  of  evidence  ( w ) for  8 
different  versions  of  the  original  von  Bertalanffy  growth 
function  model  used  for  the  comparison  of  growth  be- 
tween sexes:  L„,  L0,  K,  the  growth  model  where  L0, 
and  K are  different  between  sexes;  L„,  K,  the  growth 
model  where  both  and  K are  different  between  sexes; 
L„,  L0,  the  growth  model  where  both  L„  and  L0  are  differ- 
ent between  sexes;  L0,  K,  the  growth  model  where  both 
L0  and  K are  different  between  sexes;  only  L„,  the  growth 
model  where  only  L„  is  different  among  sexes;  only  K, 
the  growth  model  where  only  K is  different  among  sexes; 
only  L0,  the  growth  model  where  only  L0  is  different 
among  sexes;  and  none,  the  growth  model  where  all  pa- 
rameters are  equal  for  both  females  and  males. 


Models 

AIC 

BIC 

w 

U,  U,  K 

2607.85 

2632.36 

<0.001 

L„,K 

2607.29 

2628.30 

0.005 

Lw  L0 

2607.89 

2628.89 

0.003 

UK 

2607.83 

2628.84 

0.004 

Only 

2605.89 

2623.40 

0.053 

Only  K 

2605.88 

2623.39 

0.053 

Only  L0 

2605.89 

2623.39 

0.053 

None 

2603.89 

2617.90 

0.829 

of  and  applicable  to  other  coastal  populations  of  nar- 
rownose smooth-hound. 

Another  important  aspect  of  any  age  and  growth 
study  on  fish  is  verification  of  the  estimated  param- 
eters (Goldman  et  al.,  2012).  Verification  of  estimated 
age  and  growth  parameters  have  been  undertaken  for 
several  species  of  the  Mustelus  genus  (i.e.,  Cailliet  et 
al.,  1990;  Yudin  and  Cailliet,  1990;  Moulton  et  al.,  1992; 
Goosen  and  Smale,  1997;  Farrell  et  al.,  2010).  This  ge- 
nus deposits  growth  bands  annually,  and  the  deposi- 
tion of  translucent  bands  occurs  during  summer-au- 
tumn (Cailliet  et  al.,  1990;  Yudin  and  Cailliet,  1990; 
Moulton  et  al.,  1992;  Goosen  and  Smale,  1997;  Farrell 
et  al.,  2010);  our  results  on  narrownose  smooth-hound 
correspond  with  this  finding.  Moreover,  the  associated 
notching  pattern  observed  in  our  study  was  similar  to 
patterns  reported  for  other  species  of  Mustelus  (i.e., 
Moulton  et  al.,  1992;  Conrath  et  al.,  2002;  Farrell  et 
al.,  2010).  The  precision  in  interpreting  these  growth 
bands  was  also  high  between  readers  and  within  read- 
ers, providing  confidence  in  the  reproducibility  of  our 
results.  The  lack  of  an  adequate  number  of  older  sharks 
in  our  sample  might  have  led  to  an  underestimation  of 
Lx;  however,  the  similarity  of  estimates  between  our 
observational  data  and  the  back-calculated  data  for- 
tunately indicates  that  our  sample  size  was  adequate. 
The  lower  SE  values  for  the  back  calculations,  com- 
pared with  the  SE  values  for  the  observational  data, 
indicate  that  these  calculations  may  accurately  reflect 
the  growth  parameters  for  narrownose  smooth-hound. 
Nevertheless,  it  is  important  to  note  that  for  back-cal- 
culated results,  it  is  assumed  that  growth  is  constant 
and  does  not  change  over  time  (Goldman  et  al.,  2012). 

The  maximum  age  determined  for  narrownose 
smooth-hound  in  our  study  is  similar  to  ages  reported 
for  some  species  of  Mustelus  (Cailliet  et  al.,  1990;  Yu- 
din and  Cailliet,  1990;  Farrell  et  al.,  2010)  and  is  lower 
than  age  ranges  determined  for  larger  Mustelus  species 
(Yudin  and  Cailliet,  1990;  Moulton  et  al.,  1992;  Goosen 
and  Smale,  1997;  Conrath  et  al.,  2002;  Farrell  et  al., 
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Size  range  (total  lengths  in  millimeters), 
ficient  ( K)  of  the  von  Bertalanffy  growth 
genus  from  this  study  and  other  studies. 

Table  6 

maximum  age  measured  ( £max ),  asymptotic  length  (LJ),  and  growth  coef- 
Punction  and  growth  performance  index  ($)  for  9 species  of  the  Mustelus 

Species 

Size  range 
(mm  TL) 

tmax 

K 

1) 

Main  reference 

Mustelus  schmitti 

300-810 

11 

894 

0.06 

4.69 

This  study 

Mustelus  schmitti 

390-950 

16 

1000 

0.10 

5.00 

Hozbor  et  al.6 

Mustelus  schmitti 

250-960 

14 

1028 

0.08 

4.92 

Batista,  1988 

Mustelus  antarcticus 

600-1700 

16 

2000 

0.12 

5.68 

Moulton  et  al.,  1992 

Mustelus  californicus 

235-1250 

9 

1500 

0.17 

5.58 

Yudin  and  Cailliet,  1990 

Mustelus  henlei 

257-1000 

13 

1000 

0.22 

5.34 

Yudin  and  Cailliet,  1990 

Mustelus  manazo 

680-800 

10 

2000 

0.10 

5.60 

Cailliet  et  al.,  1990 

Mustelus  mustelus 

360-1640 

24 

2000 

0.07 

5.44 

Goosen  and  Smale,  1997 

Mustelus  walkeri 

410-1050 

16 

2000 

0.07 

5.44 

Rigby  et  al.,  2016 

Mustelus  asterias 

440-1120 

13 

1000 

0.19 

5.27 

Farrell  et  al.,  2010 

Mustelus  canis 

330-1320 

16 

1200 

0.29 

5.62 

Conrath  et  al.,  2002 

2010;  Rigby  et  al.,  2016)  (Table  6).  To  date,  only  one 
technical  report  and  a M.S.  thesis  have  described  the 
age  of  narrownose  smooth-hound  (Batista,  1988;  Hoz- 
bor  et  al.6),  and  both  of  these  publications  report  on 
studies  that  included  in  their  sampling  fish  older  than 
the  fish  that  we  captured  (Table  6).  It  is  likely  that 
the  larger  and  older  fish  in  the  Hozbor  et  al.6  and  Ba- 
tista (1988)  studies  account  for  the  differences  in  range 
of  ages  between  our  study  and  theirs.  The  results  of 
Hozbor  et  al.6  are  consistent  with  our  results  for  the 
mean  lengths  at  age  for  ages  below  5 years,  but,  for 
animals  >5  years,  they  report  larger  sizes  at  age.  Ba- 
tista’s (1988)  mean  lengths  at  age,  however,  are  greater 
than  our  estimations  for  almost  all  ages,  but  he  did  not 
provide  length  at  age  for  age  0 and  1 and  did  not  cap- 
ture males  older  than  7 years,  which  makes  throughout 
comparisons  difficult. 

In  the  population  of  narrownose  smooth-hound  in 
Anegada  Bay,  the  rate  of  growth  reflected  in  the  incre- 
ments in  the  mean  length  at  age  was  not  consistent 
for  some  ages.  A similar  phenomenon  was  reported  by 
Hozbor  et  al.6  and  Batista  (1988),  as  well  as  in  studies 
of  other  shark  species  (Cailliet  et  al.,  1990,  Goldman 
et  al.,  2006,  Farrel  et  al.,  2010,  Fernandez-Carvalho 
et  al.,  2015).  In  a number  of  other  studies  on  the  age 
and  growth  of  elasmobranches,  tables  of  length  at  age 
are  not  presented  (e.g.,  Kusher  et  al.,  1992;  Goosen 
and  Smale,  1997;  Smith  et  al.,  2003,  2007;  McFarlane 
and  King,  2006;  Booth  et  al.,  2011;  Joung  et  al.,  2016; 
Lessa  et  al.,  2016);  therefore,  it  is  difficult  to  determine 
whether  this  phenomenon  is  more  or  less  universal  for 
elasmobranchs  or  restricted  to  certain  species. 

The  narrownose  smooth-hound  attains  an  apprecia- 
bly smaller  L*,  and  K than  other  representatives  of  the 
Mustelus  genus,  with  the  exception  of  the  starspotted 
smooth-hound  (M.  manazo ) (Yudin  and  Cailliet,  1990; 
Table  6).  In  comparison  with  values  reported  by  Ba- 
tista (1988)  and  Hozbor  et  al.6,  who  also  worked  with 


narrownose  smooth-hound,  values  of  Lx  and  K from  our 
study  were  also  much  lower.  A possible  explanation  for 
this  result  is  that  the  overall  size  distribution  of  the 
samples  used  by  Batista  (1988)  and  Hozbor  et  al.6  in- 
cluded many  large  individuals  (>850  mm  TL),  which 
were  not  present  in  our  study,  and  only  a low  number 
of  small  individuals  (<400  mm  TL)  both  of  which  had 
a consequent  effect  on  the  asymptotic  behavior  of  the 
VBGF.  In  these  2 studies,  more  than  60%  of  the  indi- 
viduals were  larger  than  600  mm  TL,  but  samples  in 
our  study  only  20%  of  individuals  were  above  that  TL. 
As  Campana  (2001)  points  out,  skewed  size  distribu- 
tions can  introduce  bias  in  age  estimates,  and  differ- 
ences in  size  distributions  between  studies  can  accen- 
tuate such  differences. 

Differences  in  the  estimations  of  L„  and  K can  also 
arise  from  differences  in  the  aging  techniques  em- 
ployed. Whereas  Batista  (1988)  used  whole  vertebra 
and  Hozbor  et  al.6  employed  sectioned  vertebra,  we 
used  thinly  sectioned  slices.  Despite  their  use  of  theo- 
retically more  imprecise  vertebra  preparations,  these 
authors  could  identify  ages  >than  11  years  with  their 
methods,  indicating  that  the  use  of  whole  vertebrae  by 
Batista  (1988)  or  sectioned  vertebrae  by  Hozbor  et  al.6 
could  be  useful  enough  to  study  age  for  this  species. 

Another  possible  explanation  is  the  difference  in 
the  period  of  sampling.  Hozbor  et  al.6  sampled  during 
2003-2004,  almost  5 years  before  our  research.  Given 
the  high  level  of  fishing  effort  exerted  on  this  species 
between  2004  and  2010  (Massa  et  al.,  2006;  Fernandez 
Araoz  et  al.8),  it  is  possible  that  natural  populations 
experienced  a reduction  in  their  maximum  length  be- 


8 Fernandez  Araoz,  N.  C.,  A.  N.  Lagos,  and  C.  R.  Carozza. 
2009.  Asociacion  fctica  costera  bonaerense  ‘variado  costero’ 
capturas  declaradas  por  la  flota  comercial  Argentina  durante 
el  ano  2008.  INIDEP  Inf.  Tec.  Of.  31,  26  p.  [Available  from 
website.] 
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cause  larger  fish  are  most  likely  to  be  captured  first 
(Beverton  and  Holt,  1957;  Hilborn,  1992).  In  the  case 
of  Batista  (1988),  sampling  was  conducted  almost  30 
years  ago,  before  the  considerable  increase  in  fishing 
effort  and  capture  that  took  place  in  Brazil  that  ulti- 
mately produced  a decline  in  populations  of  narrownose 
smooth-hound  as  predicted  by  Haimovici  (1997). 

The  explanation  outlined  in  the  previous  paragraph 
is  also  supported  by  the  difference  observed  in  the 
mean  length  at  age  calculated  in  each  study.  In  Hozbor 
et  al.6,  fish  with  ages  above  5 years  had  lengths  that 
were  larger  by  a mean  of  68.8  mm  and  64.1  mm  TL 
for  males  and  females,  respectively,  than  the  lengths 
in  our  study.  Batista  (1988)  presents  even  greater  dif- 
ferences, with  fish  up  to  80  mm  TL  larger  than  the 
fish  in  our  study.  It  is  likely  that  the  largest  and  old- 
est specimens  present  in  the  populations  sampled  by 
Hozbor  et  al.6  and  Batista  (1988)  were  not  present  in 
the  population  we  sampled  because  they  would  have 
been  removed  by  fishing,  and  their  absence  from  our 
sample,  therefore,  potentially  influenced  the  estimate 
of  that  we  calculated.  Reduction  in  the  length  by 
age  is  a serious  consequence  of  overfishing  in  all  fish 
populations  (Beverton  and  Holt,  1957;  Murawski,  2000; 
Froese,  2004);  therefore,  if  this  is  the  case,  special  at- 
tention should  be  paid  to  the  possibility  of  stock  deple- 
tion by  fishing  in  the  coastal  populations  of  narrownose 
smooth-hound. 

Lastly,  geographic  location  may  have  played  a role 
in  the  differences  in  parameter  estimates  between  Hoz- 
bor et  al.6  and  Batista  (1988)  and  our  study.  The  sam- 
pling area  for  Hozbor  et  al.6  extended  from  the  Uru- 
guayan-Argentinean  common  fishing  zone  to  the  open 
sea  region  of  El  Rincon  (39  - 41°  S)  in  Argentina,  and 
Batista  (1988)  performed  his  sampling  on  the  Brazil- 
ian shelf  near  Rio  Grande  do  Sul.  Unfortunately,  to  our 
knowledge,  biological  differences  between  the  stocks 
of  narrownose  smooth-hound  of  Argentina  and  Brazil 
have  not  been  studied  yet,  or  if  they  have,  results  re- 
main unpublished. 

Values  of  0 calculated  for  narrownose  smooth-hound 
in  our  study  indicate  a slower  rate  than  that  of  other 
representatives  of  the  Mustelus  genus.  Results  from 
Batista  (1988)  and  Hozbor  et  al.6  indicate  growth  rates 
similar  to  those  in  our  study,  albeit  slightly  greater 
(Table  6).  It  is  important  to  point  out  that  despite  the 
differences  in  the  estimations  of  L„  and  K between  our 
study  and  those  of  Batista  (1988)  and  Hozbor  et  al.6, 
the  values  of  <j)  for  this  species  were  closer  for  those 
studies  and  ours  than  for  studies  of  the  other  Mustelus 
species  examined. 

Differences  in  growth  parameters,  by  sex,  are  com- 
monplace with  sharks,  especially  for  viviparous  species 
(Cortes  et  al.,  2010),  like  the  night  shark  ( Carcharhi - 
nus  signatus ; Lessa  et  al.,  2000),  the  crocodile  shark 
(Lessa  et  al.,  2016),  and  the  bigeye  thresher  ( Alopias 
superciliosus',  Fernandez-Carvalho  et  al.,  2015).  How- 
ever, there  are  also  examples  for  which  no  differences 
exist  between  sexes  , as  with  the  sandbar  shark  (C. 
plumbeus ; Casey  et  al.,  1985),  the  oceanic  whitetip 


shark  (C.  longimanus ; Seki  et  al.,  1998),  the  sharptooth 
houndshark  ( Triakis  megalopterus;  Booth  et  al.,  2011), 
the  bull  shark  (C.  leucas;  Neer  et  al.,  2005),  and  the 
blue  shark  ( Prionace  glauca\  Skomal  and  Natanson, 
2003). The  differences  in  estimated  growth  parameters 
for  male  and  female  narrownose  smooth-hound,  that 
are  observed  with  other  species,  were  not  statistically 
significant  in  our  study.  Despite  this  lack  of  significant 
difference,  males  appear  to  grow  faster  in  their  first 
year  (Ginit:  137.22  mm  TL  of  growth  in  the  first  year) 
than  females  (Ginit:  119.31  mm  TL  of  growth  in  the  first 
year),  and  males  also  reach  a higher  TL  at  half  £max 
(L2:  578.09  mm  TL)  than  that  of  females  (L2:  564.92 
mm  TL),  and  females  attain  a larger  L„.  These  types  of 
differences  have  been  reported  recently  for  the  closely 
related  species,  the  eastern  spotted  gummy  shark  (M. 
walker i\  Rigby  et  al.,  2016). 

Successful  and  sustainable  management  of  any 
fishery  is  based  on  robust  and  accurate  estimates  of 
growth,  which  in  turn  are  dependent  on  quality  age 
and  growth  studies  (Fernandez-Carvalho  et  al.,  2015). 
Therefore,  it  is  essential  to  improve  science-based  fish- 
ery data.  The  narrownose  smooth-hound  of  Anegada 
Bay  has  a relatively  fast  growth  in  its  initial  year  of 
life,  reaching  a length  of  approximately  400  mm  TL. 
Growth  slows  down  in  subsequent  years,  and,  accord- 
ing to  our  results,  length  at  first  maturity  (546  and 
563  mm  TL  for  males  and  females  respectively;  Co- 
lautti  et  al.,  2010)  is  reached  at  an  age  of  7.61  years 
for  females  and  6.79  years  for  males.  These  values 
represent  a maturation  rate  comparable  to  that  of 
other  species  of  Mustelus-,  for  example,  the  eastern 
spotted  gummy  shark  matures  at  an  age  around  7-9 
years  and  at  a length  of  670  to  800  mm  TL  (Rigby  et 
al.,  2016). 

This  late  age  at  first  maturity  of  the  narrownose 
smooth-hound  is  indicative  of  a high  susceptibility  to 
fishery-induced  mortality  and  highlights  the  impor- 
tance of  conservation  for  the  slow-maturing  species  in 
this  genus.  Consequently,  narrownose  smooth-hound 
individuals  of  600  mm  TL  or  less  should  be  excluded 
from  catches  of  commercial  fisheries,  an  approach  that 
would  mean  excluding  sharks  younger  than,  approxi- 
mately, 7 years.  Despite  the  relatively  high  rate  of  es- 
timated natural  mortality,  modeling  results  indicate 
that  protection  of  old  adults  is  more  appropriate  than 
protection  of  juveniles  in  the  case  of  shark  fisheries 
(Prince,  2005).  Whether  this  importance  of  protecting 
old  adults  applies  to  narrownose  smooth-hound  (or  any 
other  small  triakid  sharks)  has  yet  to  be  evaluated  and 
warrants  further  research. 

The  slow  growth  and  late  age  at  maturity  (for  fish- 
ing purposes)  of  the  narrownose  smooth-hound  report- 
ed here  indicate  that  this  species  is  vulnerable  to  over- 
exploitation  and  that  the  population  studied  may  have 
signs  of  having  been  deeply  affected.  Ensuring  both  a 
sustainable  population  and  fishery  of  this  species  re- 
quires management  coordinated  with  a strong  founda- 
tion on  science-based  studies  for  the  entire  distribution 
range  of  this  species. 
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Abstract — Time  series  of  depth 
data,  obtained  for  6 oceanic  whitetip 
sharks  ( Carcharhinus  longimanus) 
tagged  with  pop-up  satellite  archi- 
val tags,  were  analyzed  in  detail. 
The  aim  was  to  improve  our  knowl- 
edge of  the  vertical  behavior  of  this 
species.  Individuals  were  tagged  in 
the  Atlantic  Ocean  (rc= 5)  and  In- 
dian Ocean  (n=l)  between  2011  and 
2012.  Deployment  periods  for  these 
tags  varied  from  100  to  178  d.  The 
sharks  spent  most  of  their  time  in 
the  mixed  layer,  displaying  the  typi- 
cal behavior  of  an  epipelagic  species. 
However,  analyses  revealed  complex 
vertical  movement  patterns,  includ- 
ing marked  diel  changes  that  reflect 
3 different  types  of  behavior.  Results 
of  the  generalized  additive  models 
indicate  that  vertical  movements 
were  strongly  correlated  with  varia- 
tions in  the  depth  of  the  mixed  layer. 
A correlation  between  vertical  move- 
ments and  sea-surface  temperature 
(SST)  was  also  observed.  When  SST 
was  above  average,  oceanic  whitetip 
sharks  increased  their  vertical  am- 
plitude, disregarding  the  reduction 
of  the  mixed  layer.  Thermoregula- 
tion likely  allows  this  type  of  verti- 
cal movement. 
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The  oceanic  whitetip  shark  ( Car- 
charhinus longimanus)  is  a pelagic 
predator  threatened  across  the  tropi- 
cal oceans  of  the  world  (Bonfil  et  al., 
2008).  This  species  is  a common  by- 
catch  of  pelagic  fisheries  that  target 
tuna  ( Thunnus  spp.),  swordfish  (Xi- 
phias  gladius ),  and  other  tuna-like 
species  (Beerkircher  et  al.,  2002;  Hall 
and  Roman,  2013;  Gallagher  et  al., 
2014;  Fredou  et  al.,  2015;  Oliver  et 
al.,  2015).  The  oceanic  whitetip  shark 
acquired  its  status  of  vulnerable 
globally  and  critically  endangered  in 
the  northwest  and  western  central 
Atlantic  Ocean  on  the  IUCN  Red  List 
of  Threatened  Species  because  of  the 
increasing  fishing  pressure  through- 
out its  range  and  because  of  a lack 
of  information  regarding  its  biology 
and  ecology  (Baum  et  al.,  2015).  As 
a precautionary  approach,  a series  of 
management  measures  that  banned 
the  landing,  storing,  and  selling  of 


oceanic  whitetip  sharks  were  imple- 
mented recently  by  management  or- 
ganizations of  all  regional  tuna  fish- 
eries (Tolotti  et  al.,  2015a).  To  date, 
this  species  is  the  only  pelagic  shark 
protected  in  the  Atlantic,  Pacific,  and 
Indian  oceans.  The  Convention  on 
International  Trade  in  Endangered 
Species  of  Wild  Fauna  and  Flora  has 
also  included  the  oceanic  whitetip 
shark  in  its  Appendix  II  (CoP16  Prop. 
42),  which  includes  species  for  which 
trade  must  be  closely  controlled. 

The  lack  of  information  regarding 
the  biology  and  ecology  of  the  oceanic 
whitetip  shark  is  partly  due  to  it  be- 
ing captured  as  bycatch — a situation 
that  has  historically  resulted  in  few 
incentives  for  research  and  conserva- 
tion (Barker  and  Schluessel,  2005). 
In  light  of  the  ocean-wide  population 
declines  observed  for  this  species  and 
because  of  the  increasing  interest  in 
the  conservation  of  bycatch  species, 
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the  scientific  community  recently  has  undertaken  sig- 
nificant research  to  fill  these  wide  gaps  in  scientific  in- 
formation. These  studies  include  work  on  age,  growth, 
and  reproductive  biology  (Tambourgi  et  al.,  2013;  Joung 
et  al.,  2016),  feeding  (Madigan  et  al.,  2015),  genetics 
(Camargo  et  al.,  2016;  Li  et  ah,  2016),  fisheries  (Rice 
and  Harley1;  Tolotti  et  al.,  2013;  Piovano  and  Gilman, 
2016),  and  movement  patterns  and  behavior  (Musyl 
et  al.,  2011;  Howey-Jordan  et  al.,  2013;  Tolotti  et  al., 
2015b;  Howey  et  al.,  2016). 

Data  from  satellite  archival  tags,  together  with  fish- 
ery-dependent data,  revealed  valuable  information  con- 
cerning horizontal  movements,  depth  preferences,  and 
temperature  ranges  of  the  oceanic  whitetip  shark.  Pre- 
vious studies  have  shown  that  this  wide-ranging  species 
has  a high  degree  of  site  fidelity  and  exhibits  philopatric 
behavior  (Howey-Jordan  et  al.,  2013;  Madigan  et  al., 
2015;  Tolotti  et  al.,  2015b).  They  also  have  documented 
the  epipelagic  nature  of  this  species  and  its  high  degree 
of  vulnerability  to  open-ocean  fisheries.  These  findings 
are  new  and  have  conservation  applications,  but  sev- 
eral aspects  of  the  behavior  of  this  shark  still  need  to 
be  addressed.  Detailed  information  on  vertical  move- 
ments within  the  epipelagic  environment  still  need  to 
be  studied;  most  of  the  published  research  concerning 
this  species  has  not  explored  vertical  movements,  and 
only  general  summaries  have  been  provided. 

Within  the  general  framework  of  ecosystem-based 
fisheries  management,  it  is  essential  to  improve  our 
knowledge  of  bycatch  species  (particularly  for  threat- 
ened species),  including  our  knowledge  of  their  be- 
havior and  vertical  movement  patterns  (Pikitch  et 
al.,  2004;  Garcia  and  Cochrane,  2005).  The  aim  of  this 
study  was  to  analyze  the  vertical  movements  of  the 
oceanic  whitetip  shark  in  order  to  extend  our  knowl- 
edge beyond  the  existing  knowledge  that  this  is  an  epi- 
pelagic species.  The  main  objectives  were  1)  to  investi- 
gate diel  patterns  and  behavior  types  and  2)  to  analyze 
the  influence  of  environmental  factors  on  the  vertical 
behavior  of  this  shark. 


Materials  and  methods 

Time  series  of  depth  data  for  6 oceanic  whitetip  sharks 
were  analyzed.  All  data  were  obtained  from  pop-up 
satellite  archival  tags  deployed  in  the  Atlantic  Ocean 
(n= 5)  and  Indian  Ocean  (n= 1)  in  2011  and  2012  (Ta- 
ble 1).  Deployment  periods  varied  from  100  to  178  d. 
Summarized  results,  based  on  the  data  from  the  5 tags 
deployed  in  the  Atlantic  Ocean,  were  previously  pre- 
sented in  Tolotti  et  al.  (2015b).  The  sharks  in  the  At- 
lantic Ocean  were  tagged  close  to  the  equator  on  the 
western  side  of  the  Atlantic  Ocean  during  commercial 
longline  operations.  The  sharks  were  brought  onboard 


1 Rice,  J.,  and  S.  Harley.  2012.  Stock  assessment  of  oceanic 
whitetip  sharks  in  the  western  and  central  Pacific  Ocean. 
West.  Cent.  Pacific  Fish.  Comm.  WCPFC-SC8-2012/SA- 
WP-06,  rev.  1,  53  p.  [Available  from  website.] 


for  the  tagging  procedure,  and  tags  were  attached  at 
the  base  of  the  first  dorsal  fin  with  a loop  of  polyamide 
monofilament.  In  addition  to  the  vertical  movements 
reported  here,  horizontal  movements  were  observed 
for  the  sharks.  After  tagging,  all  individuals  made  ex- 
tensive horizontal  movements  but  remained  mostly 
in  the  equatorial  zone  (Tolotti  et  al.,  2015b).  Only  1 
shark  migrated  south.  The  shark  tagged  in  the  Indian 
Ocean  was  caught  with  a hand  line  during  a research 
cruise  in  the  Mozambique  Channel.  For  the  tagging 
procedure,  this  shark  was  brought  on  board  and  placed 
in  a tagging  cradle.  The  tag  was  attached  intramuscu- 
larly under  the  first  dorsal  fin  with  a stainless  steel 
tether  and  large  Wilton  anchors  (Wildlife  Computers 
Inc.,2  Redmond,  WA).  From  its  tagging  location  in  the 
Mozambique  Channel,  this  individual  migrated  north, 
following  the  African  coast  to  Somalia.  The  estimated 
tracks  of  all  6 tagged  individuals  are  provided  in  Sup- 
plementary Figure  1 (online  only). 

Data  description 

Pop-up  satellite  archival  tags  typically  record  the  am- 
bient depth  (pressure),  water  temperature,  and  light 
level  at  a high  temporal  resolution  (for  our  study,  the 
resolution  was  10  s).  This  information  is  then  used  to 
generate  different  data  products  that  are  transmit- 
ted by  satellite  after  the  tags  detach  from  the  animal. 
Transmitted  data  products  will  depend  on  tag  model 
and  user-defined  settings.  Two  models  of  pop-up  satel- 
lite archival  tags,  manufactured  by  Wildlife  Computers 
Inc.,  were  used  in  this  study,  5 MiniPATs  and  1 PAT- 
MklO.  The  MiniPATs  were  programmed  to  transmit 
depth  data  with  a resolution  of  5 min.  The  PAT-MklO 
does  not  transmit  data  as  a time  series,  only  as  an 
aggregated  summary  of  its  records.  However,  this  lat- 
ter tag  was  physically  recovered  from  Crystal  Beach, 
Texas,  after  drifting  at  sea  for  about  1 year  after  its 
release  from  the  shark.  The  recovery  of  this  tag  al- 
lowed the  download  of  the  complete  depth  and  tem- 
perature time  series  with  a 10-s  resolution.  The  Mini- 
PATs were  not  recovered.  Although  MiniPATs  were 
not  programmed  to  transmit  temperature  time-series 
data,  other  data  produced  and  transmitted  by  the  tags 
provided  information  on  the  surrounding  environment. 
These  products  included  a daily  analysis  of  the  surface 
mixed  layer  and  sea-surface  temperature  (SST),  as  well 
as  a summary  of  temperature  at  depth  profiles.  These 
data  were  also  available  from  the  recovered  PAT-MklO. 

Data  analysis 

Vertical  movement  patterns  The  periods  of  the  day  were 
classified  according  to  local  times  of  sunrise  and  sun- 
set, by  following  the  procedure  described  in  Tolotti  et 
al.  (2015b).  In  summary,  the  local  times  were  based 


2 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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Table  t 

Details  from  the  electronic  tagging  of  oceanic  whitetip  sharks  ( Carcharhinus  longimanus ) in  the  Atlantic  and  Indian  oceans 
between  2011  and  2012:  identification  (ID)  code,  total  length  (TL),  sex,  location,  model  of  pop-up  satellite  archival  tag  used, 
the  period  that  tags  were  set  to  record  data  (programmed).  Tagging:  date  when  a fish  was  tagged,  and  location  of  tagging 
(latitude  flat]  and  longitude  [long]).  Pop-up:  date  when  a tag  popped  up  (was  released),  location  of  released  tag,  and  the 
number  of  days  that  the  tag  had  remained  on  the  fish. 


ID 

TL  (cm) 

Sex 

Ocean 

Tag 

Programmed 

Date 

Tagging 

Lat. 

Long. 

Date 

Pop-up 

Lat 

Long 

Duration 

AOCS3 

167 

M 

Atlantic 

PAT-MklO**  180  d 

16/01/2011 

-0.139 

-34.218 

10/07/2011 

-3.802 

-32.466 

178  d 

AOCS4 

197* 

F 

Atlantic 

MiniPAT 

140  d 

06/12/2011 

-3.589 

-34.918 

25/04/2012 

-18.754 

-35.771 

141  d 

AOCS5 

180* 

F 

Atlantic 

MiniPAT 

140  d 

01/03/2012 

-0.501 

-37.354 

20/07/2012 

3.215 

-41.015 

141d*** 

AOCS6 

134 

F 

Atlantic 

MiniPAT 

100  d 

02/03/2012 

-0.736 

-37.534 

11/06/2012 

-0.598 

-36.235 

101  d 

AOCS7 

161 

F 

Atlantic 

MiniPAT 

100  d 

02/03/2012 

-0.435 

-37.629 

14/06/2012 

1.306 

-35.345 

104  d 

IOCS1 

183* 

F 

Indian 

MiniPAT 

100  d 

15/04/2011 

-13.119 

44.967 

24/07/2011 

-2.522 

53.554 

100  d 

*Mature  individuals  (size  at  first  maturity:  180  cm  TL). 
**Recovered  tag. 

***Tag  stopped  recording  data  after  104  d of  deployment. 


on  the  daily  geolocation  estimates  from  the  tags  and 
the  NOAA  daytime  estimation  algorithm  (NOAA  Solar 
Calculator,  website).  Day  was  defined  as  the  period  be- 
tween sunrise  and  sunset,  and  night  was  defined  as 
the  period  between  astronomical  dusk  and  astronomi- 
cal dawn.  Dusk  was  the  hours  between  sunset  and 
astronomical  dusk,  and  dawn  was  the  hours  between 
astronomical  dawn  and  sunrise.  Because  sharks  made 
extensive  horizontal  movements  during  their  monitor- 
ing periods,  local  sunrise  and  sunset  times  varied  with 
time  for  all  individuals.  The  variation,  however,  was 
not  greater  than  50  min.  To  facilitate  graphic  repre- 
sentations of  aggregated  data,  day  and  night  and  dawn 
and  dusk  were  depicted  by  their  respective  minimum 
and  maximum  estimated  times.  Daytime  and  nighttime 
depths  were  compared  with  the  nonparametric  Wil- 
coxon  test  at  a 95%  confidence  level.  For  this  analysis, 
depths  corresponding  to  crepuscular  hours  (dawn  and 
dusk)  were  excluded.  Mean  depths  were  grouped  into 
1-h  intervals  to  test  for  uniformity  over  the  24-h  cycle. 
The  uniformity  was  tested  by  using  circular  statistics 
(Rao’s  spacing  test),  also  at  a 95%  confidence  level. 

A spectral  analysis  was  carried  out  with  the  depth 
time-series  data  from  the  recovered  tag  of  shark 
AOCS3.  This  analysis  was  not  feasible  for  the  other 
tags  because  of  gaps  caused  by  the  data  transmis- 
sion. The  aim  was  to  identify  a potential  periodicity  in 
the  vertical  behavior  of  this  shark  and  infer  possible 
temporal  patterns.  A fast  Fourier  transform  algorithm 
was  used  in  the  stats  package  in  R,  vers.  3.1.2  (R  Core 
Team,  2014).  The  function  calculates  a smoothed  peri- 
odogram  by  using  Daniell  windows,  which  are  modi- 
fied moving-average  filters.  The  raw  periodogram  is  a 
widely  fluctuating  estimate  of  the  spectrum  with  high 
variance,  and  this  smoothing  method  provides  a stable 
estimate  (Bloomfield,  2004).  The  spectral  analysis  is 


particularly  well  suited  for  long-term  and  high-resolu- 
tion  time  series,  including  those  from  archival  tagging 
studies  (Shepard  et  al.,  2006). 

The  depth  time-series  data  were  also  assessed  vi-  [ 
sually  to  examine  any  possible  vertical  patterns  that  j 
could  have  been  masked  when  the  data  were  grouped. 
This  analysis  was  conducted  with  the  help  of  a visual-  \ 
ization  tool,  and  the  window  of  this  software  was  ad-  | 
justed  on  our  computer  screen  to  fit  2 d of  data  at  a * 
time.  In  this  analysis,  the  times  of  sunrise  and  sunset 
did  not  need  to  be  estimated.  Instead,  the  readings  of  f 
ambient  light  from  the  tags  could  be  simultaneously  I 
displayed  with  the  depth  readings.  The  light  data  were  I 
transmitted  in  the  form  of  2 daily  light  curves,  repre- 
senting sunrise  and  sunset.  For  the  recovered  tag,  the 
complete  time  series  of  light  readings  was  available. 
The  simultaneous  visualization  of  light  curves  and  the 
depth  time  series  was  created  by  using  the  graphing  1 
and  analysis  software  program  Igor  Pro,  vers.  6.22A 
(WaveMetrics  Inc.,  Portland,  OR).  A suite  of  data  anal-  1 
ysis  programs  (WC-DAP,  Wildlife  Computers  Inc.)  was 
used  to  export  a file  formatted  for  use  with  Igor  Pro, 
which  facilitated  the  visual  analysis.  This  pairing  of  ; 
light  and  depth  data  also  increased  the  precision  need- 
ed for  discerning  diel  patterns. 

| 

Vertical  movements  and  the  environment  To  reconstruct  • 
the  thermal  signature  of  the  water  column  occupied 
by  the  oceanic  whitetip  sharks  during  the  periods  in 
which  they  were  monitored,  the  summary  data  for  < 
temperature  at  depth  were  used.  This  data  product 
provides  the  minimum  and  maximum  temperatures  at  ‘ 
selected  8-m  depth  intervals  at  a user-defined  resolu- 
tion (for  this  study,  the  resolution  was  every  24  h).  The 
average  temperatures  of  depth  intervals  were  interpo-  j 
lated  linearly  to  produce  continuous  daily  temperature 
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profiles  in  a grid  with  a 0.5-m  resolution,  according  to 
the  method  described  in  Bauer  et  al.  (2015).  The  in- 
terpolated temperature  profiles  were  then  plotted  by 
using  a heat-color  scheme  and  examined  in  compari- 
son with  daily  average  depths  and  their  standard  de- 
viations (SDs).  This  method  was  chosen  because  it  has 
been  shown  to  provide  an  accurate  representation  of 
the  thermal  signature  and,  therefore,  to  be  a viable 
alternative  in  the  absence  of  temperature  time-series 
data  (Bauer  et  al.,  2015). 

To  identify  potential  environmental  variables  that 
could  drive  the  vertical  behavior  of  oceanic  whitetip 
sharks,  we  applied  generalized  additive  models  (GAMs). 
This  type  of  model  has  been  used  to  model  habitat  pref- 
erences of  a variety  of  oceanic  species,  including  sharks 
(Zagaglia  et  al.,  2004;  Damalas  and  Megalofonou,  2010; 
Bustamante  and  Bennett,  2013;  Lam  et  al.,  2014).  The 
daily  SD  of  depth  records  was  considered  a proxy  for 
the  vertical  variability  (movement  amplitude)  of  sharks 
and,  therefore,  was  chosen  as  a response  variable.  The 
explanatory  variables  included  environmental  vari- 
ables related  to  data  derived  from  tag  records:  geolo- 
cation estimates  (longitude  and  latitude),  SST,  mixed- 
layer  depth  (MLD),  and  shark  size.  These  variables 
were  introduced  as  smoothing  terms  (thin-plate  regres- 
sion splines).  To  assess  temporal  effects,  “month”  was 
included  as  a factorial  variable.  Because  sharks  were 
tagged  in  2 ocean  basins  (Atlantic  and  Indian  oceans), 
“ocean”  was  also  included  as  a factorial  variable.  Mod- 
eling was  conducted  by  using  the  gam  function  of  the 
mgcv  package,  vers.  1.8-12,  in  R (Wood,  2006),  with  a 
Gaussian  link  function.  All  possible  combinations  be- 
tween variables  and  factors  were  tested  and  yielded  63 
models.  Models  also  were  run  separately  for  each  in- 
dividual shark  to  investigate  individual  variability.  In 
this  case,  “ocean”  and  “shark  size”  were  not  considered, 
resulting  in  15  models.  Model  selection  was  based  on 
the  Akaike  information  criterion  and  further  evaluated 
with  residual  analysis. 

Results 

Vertical  movement  patterns 

Diel  cycles  Diel  changes  in  vertical  behavior  were  vis- 
ible across  the  depth  time  series  of  all  tagged  individu- 
als. However,  different  patterns  also  were  observed 
within  and  between  individuals.  The  strongest  signal 
was  observed  during  crepuscular  hours,  especially  at 
dawn,  when  sharks  swam  at  considerably  shallower 
depths  (Fig.  1).  This  pattern  was  consistent,  and  it 
frequently  was  observed  in  the  time  series  of  all  in- 
dividuals. Circular  statistics,  applied  to  the  average 
depth  per  hour  of  each  individual,  revealed  a lack  of 
uniformity  over  a 24-h  cycle  for  the  oceanic  whitetip 
sharks  (Rao’s  spacing  test:  P>0.001).  Test  results  high- 
light the  consistency  of  this  crepuscular  pattern,  which 
was  present  even  when  day  and  night  differences  were 
not  observed. 


Figure  1 also  shows  a general  pattern  of  shallower 
average  depths  during  the  day  than  during  night,  when 
tagged  sharks  appear  to  move  to  deeper  waters.  This 
pattern  was  well  marked  for  sharks  AOCS4,  AOCS5, 
AOCS7,  and  IOCS1,  for  which  statistically  significant 
differences  were  observed  between  occupied  depths 
during  light  and  dark  hours  (Suppl.  Table  1)  (online 
only).  For  sharks  AOCS3  and  AOCS6,  a difference  be- 
tween day  and  night  average  depths  was  not  evident  or 
statistically  significant.  As  opposed  to  the  averages,  SD 
values  in  depth  records  did  not  vary  much  across  the 
24-h  cycle  (Fig.  1).  In  contrast,  for  sharks  IOCS1  and 
AOCS4,  SD  values  were  higher  during  the  night  than 
during  the  day.  With  SD  considered  a proxy  of  vertical 
amplitude,  these  sharks  appear  to  explore  the  water 
column  more  extensively  during  nighttime. 

The  spectral  analysis  of  high-resolution  depth  time 
series  from  the  recovered  tag  of  shark  AOCS3  revealed 
2 distinct  frequency  peaks,  one  at  12  h and  another  at 
24  h (Fig.  2).  The  sharp  12-h  peak  might  represent  the 
crepuscular  pattern  described  previously.  The  sharp- 
ness of  this  peak  also  indicates  a high  degree  of  con- 
sistency in  this  diel  pattern,  i.e.,  a shift  in  the  vertical 
behavior  frequently  occurred  around  the  same  time 
of  the  day.  The  24-h  peak  indicates  that  periodic  be- 
havioral shifts  also  occur  with  daytime  and  nighttime 
depths.  The  broad  base  of  this  peak,  however,  indicates 
that  the  shifts  in  vertical  behavior  at  this  scale  are 
less  consistent.  This  result  is  interesting  in  that  it  did 
not  appear  when  the  depth  readings  were  aggregated 
by  hour.  In  Figure  1 differences  between  daytime  and 
nighttime  average  depths  of  this  individual  are  not 
presented. 

The  visual  assessment  of  each  depth  time  series  re- 
vealed the  identification  of  3 main  types  of  day  and 
night  behavioral  patterns.  Type-I  behavior  was  char- 
acterized by  a preference  for  shallower  waters  and 
by  some  sporadic  deep  dives  during  the  day  and  by  a 
preference  for  deeper  waters  and  regular  up-and-down 
movements  during  the  night.  Type-II  behavior  featured 
an  inverse  pattern  of  that  described  as  type  I;  sharks 
occupied  deeper  waters  during  the  day,  as  opposed  to 
night,  and  also  made  regular  up-and-down  movements. 
In  contrast,  type-III  behavior  did  not  show  a clear  dif- 
ference between  daytime  and  nighttime  depth  pref- 
erences. Examples  of  each  behavior  type  can  be  seen 
in  Figure  3.  All  individuals  exhibited  the  3 described 
behavioral  patterns  during  their  monitoring  periods, 
but  the  frequency  of  each  behavior  type  varied  largely 
among  sharks  (Fig.  4).  Type  II  was  the  least  frequent 
behavior  type  observed  in  all  time  series  and  occurred 
most  often  for  shark  AOCS3,  representing  23.7%  of 
the  time  series  of  this  individual.  Type  I dominated 
the  time  series  of  sharks  AOCS4  (41.0%)  and  IOCS1 
(61.2%),  and  type  III  dominated  the  time  series  of 
sharks  AOCS5  (62.8%)  and  AOCS6  (50.5%).  Note  that 
because  of  gaps  in  the  transmitted  depth  time-series 
data,  not  all  24-h  periods  could  be  observed  and  hence 
classified. 

The  temporal  distribution  of  behavior  types  did  not 
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appear  to  be  uniform,  nor  did  they  follow  any  particular 
pattern  (Suppl.  Fig.  2)  (online  only).  Shark  AOCS3,  for 
instance,  exhibited  all  3 types  of  behavior  almost  in 
the  same  proportion  (Fig.  4),  and  these  behavior  types 
alternated  frequently  throughout  its  time  series.  Long 
sequences  of  the  same  behavior  type  were  rare  for  this 
individual,  the  maximum  being  9 consecutive  days  for 
type  I.  In  fact,  long  sequences  of  one  behavior  type  were 
seen  only  when  a particular  type  was  also  dominant 
for  an  individual,  such  as  type  I for  shark  IOCS1  and 
type  III  for  shark  AOCS5.  For  all  sharks,  one  isolated 


day  of  any  behavior  type  occurred  more  frequently  than  j 
any  sequence  of  one  type  of  behavior.  Only  for  one  in-  > 
dividual,  shark  AOCS4,  was  there  a clear  shift  in  be- 
havior type  with  time  observed.  During  its  first  50  days 
of  monitoring,  this  shark  almost  exclusively  exhibited 
type-I  behavior.  After  this  period,  shark  AOCS4  started 
to  alternate  type  I with  the  other  behavior  types.  At 
the  same  time,  the  number  of  gaps  present  in  the  first 
50  days  of  the  time  series  for  this  shark  weakened  the 
veracity  of  this  otherwise  constant  pattern. 

Three  sharks  (AOCS5,  AOCS6,  and  AOCS7)  were 
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Frequency 

Figure  2 

Periodogram  generated  with  fast  Fourier  transforms  of  the  continuous  depth  data 
from  an  oceanic  whitetip  shark  ( Carcharhinus  longimanus),  AOCS3,  tagged  in  the 
Atlantic  Ocean  in  2011.  The  cycles  are  expressed  by  l/(frequencyOe)).  Spectral  den- 
sity represents  the  relative  magnitude  of  frequency. 


tagged  on  the  same  day  at  similar  locations,  and  the 
duration  of  their  monitoring  period  was  the  same.  This 
unique  situation  facilitated  the  incorporation  of  a spa- 
tial aspect  in  the  discussion  concerning  shifts  between 
behavior  types.  The  proportions  of  the  3 behavior  types 
were  linked  across  the  tracks  of  these  individuals  (Fig. 
5).  Considering  that  individuals  that  are  simultane- 
ously at  the  same  location  typically  also  experience 
the  same  environment,  this  analysis  revealed  moments 
where  environmental  factors  could  have  been  the  driv- 
er for  the  behavior  of  these  sharks.  At  the  beginning 
of  May  2012,  for  example,  sharks  AOCS5  and  AOCS7 
were  in  the  same  square  of  latitude  and  longitude  and 
had  a similar  behavioral  pattern.  Shark  AOCS6,  on  the 
other  hand,  was  in  another  location  and  had  a differ- 
ent behavioral  pattern.  In  fact,  this  shark  remained  in 
the  same  area  for  most  of  May,  but  its  behavior  pat- 
tern shifted  completely  between  the  first  and  second 
half  of  the  month.  Again,  an  environmental  factor  may 
have  been  the  driver.  However,  during  the  second  half 
of  April,  sharks  AOCS5  and  AOCS7  were  at  the  same 
location  exhibiting  completely  different  behavioral  pat- 
terns. This  trend  appeared  again  during  the  second 
half  of  May,  indicating  that  the  physical  environment 
might  not  be  the  only  driver  of  behavior  types. 

Spike  dives  While  examining  the  time  series,  we  noted 
that  all  individuals  stayed  primarily  within  the  top  150 
m of  water  but  descended  on  rare  occasions  to  depths 


below  150  m.  By  looking  closely  at  these  rare  deep  diving 
events,  which  accounted  for  only  0.15%  of  the  monitor- 
ing periods  (Tolotti  et  al.,  2015b),  we  identified  common 
features.  These  features,  referred  to  as  spike  dives,  were 
characterized  by  rapid  descents  to  depths  greater  than 
150  m,  followed  by  considerably  slower  ascents.  Two 
examples  of  spike  dives  can  be  seen  in  Supplementary 
Figure  3 (online  only).  All  individuals  performed  spike 
dives  during  their  monitoring  period,  and  estimated 
descent  rates  varied  from  0.14  to  1.05  m/s  and  ascent 
rates  varied  from  0.08  to  0.26  m/s  (Table  2).  Most  of  the 
spike  dives  lasted  from  30  to  45  min,  but  spike  dives  of 
more  than  1 h also  were  noted.  With  the  exception  of 
movements  of  shark  AOCS7,  spike  dives  occurred  pri- 
marily during  the  day  (Suppl.  Fig.  4 (online  only)).  Besides 
performing  the  great  majority  of  its  spike  dives  during 
nighttime,  shark  AOCS7  also  exhibited  this  behavior 
much  more  frequently  than  the  other  individuals. 

Vertical  movements  and  the  environment 

Daily  average  depths  and  SDs  were  plotted  on  top  of 
temperature  profiles  to  identify  possible  links  between 
vertical  movements  and  the  thermal  structure  of  the 
water  column.  Although  some  thermal  changes  were 
observed,  the  daily  average  depths  were  stable  for  all 
sharks  (Fig.  6).  The  daily  SD  of  depth  records,  on  the 
other  hand,  indicated  some  variation.  For  sharks  IOCS1 
and  AOCS6,  for  example,  higher  SD  values  were  ob- 
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Figure  3 

Examples  of  the  3 behavior  types,  or  patterns  of  vertical  movement,  during  day  and  night,  of 
oceanic  whitetip  sharks  ( Carcharhinus  longimanus ) identified  by  visual  assessments  of  depth 
data  from  sharks  tagged  in  the  Atlantic  and  Indian  oceans  between  2011  and  2012:  (A)  type-I, 
(B)  type-II,  and  (C)  type-III  behavior. 
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served  during  June-July  and  early  May,  respectively, 
than  during  other  periods.  The  observation  of  higher  SD 
values  coincided  with  a larger  mixed  layer,  indicating 
that  oceanic  whitetip  sharks  have  a greater  depth  range 
when  their  preferred  environment  is  expanded.  Sea-sur- 
face temperature  also  appears  to  influence  vertical  be- 
havior. Careful  inspection  of  Figure  6 for  sharks  AOCS3, 
AOCS6,  and  AOCS7  reveals  that  these  individuals  ex- 
plored colder  waters  during  periods  of  higher  SST. 

To  better  understand  the  influence  of  environmen- 
tal conditions  on  the  vertical  behavior  of  the  oceanic 
whitetip  sharks  in  this  study,  several  GAMs  were  ap- 
plied. The  results  from  these  models  were  in  accor- 


dance with  the  patterns  in  daily  temperature-at-depth 
profiles  estimated  from  tag  data  and  depth  SDs  pre-  > 
sented  in  Figure  6.  The  best  models  consistently  in- 
dicated  a significant  influence  of  horizontal  position 
(longitude  and  latitude),  MLD,  and  SST  on  daily  verti- 
cal activity  (SD  of  daily  depth  records).  Results  from  ! 
the  model  with  combined  data  from  all  sharks  indicate 
an  additional  effect  of  shark  size  and  explain  50.1%  ’ 
of  the  deviance  (coefficient  of  multiple  determination 
[i?2]  =0.48,  n=685).  Results  from  this  model  indicate  an 
increase  of  vertical  amplitude  with  the  increase  of  the 
MLD  and  shark  size.  Sea-surface  temperature  follows 
the  same  trend,  but  it  was  the  least  significant  factor  " 
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Figure  4 

Proportion  of  the  3 different  behavior  types  of  vertical  movement 
during  day  and  night  observed  on  the  depth  time  series  of  oceanic 
whitetip  sharks  ( Carcharhinus  longimanus ) tagged  in  the  Atlantic 
and  Indian  oceans  between  2011  and  2012.  The  identity  codes  (e.g., 
AOCS3)  identify  individual  sharks. 


in  the  model  with  data  from  multiple  sharks  (Fig.  7). 
The  set  of  explanatory  variables  in  the  best  models  for 
individual  sharks  varied  slightly  between  sharks,  and 
horizontal  positions,  unlike  MLD  and  SST,  were  always 
significant  (Fig.  7).  Summary  tables  with  model  results 
are  presented  in  Supplementary  Table  2 and  Supple- 
mentary Figure  5 (online  only). 

To  assess  in  detail  the  effect  of  environmental  fac- 
tors on  variations  of  vertical  movement,  the  cumula- 
tive sums  of  MLD,  SST,  and  depth  SD  were  plotted  for 
each  individual.  The  cumulative  sums  were  subtracted 
from  the  mean  and  rescaled  to  highlight  periods  when 
values  were  above  or  below  the  mean  (Fig.  8).  These 
plots  reflect  and  facilitate  understanding  of  the  model 
results.  The  results  for  shark  IOCS1  provide  an  ex- 
ample of  the  overall  observed  trend.  For  this  individ- 
ual, a perfectly  aligned  correlation  between  MLD  and 
vertical  activity  was  observed.  When  MLD  was  above 
average  and,  therefore,  the  species  preferred  environ- 
ment was  extended,  the  SD  was  also  above  average. 
The  opposite  trend  was  also  true.  It  is  not  surprising 
that  the  MLD  was  a highly  significant  factor  in  the 
GAM  for  this  individual;  the  GAM  had  a high  degree 
of  deviance  explained  (64.7%).  Another  interesting  case 
is  shark  AOCS3.  In  the  beginning  of  the  monitoring 
period  for  this  shark,  the  same  relationship  with  MLD 
and  vertical  activity  (SD),  as  that  found  for  IOCS1,  was 
observed.  Around  May,  however,  a major  shift  occurred. 
Instead  of  decreasing  with  MLD,  vertical  activity  of 
this  shark  started  to  increase  regardless  of  the  reduc- 
tion of  preferred  environment.  At  this  time,  the  SST 
started  to  exceed  average  values;  hence,  its  addition  as 
a significant  factor  in  the  model  of  AOSC3.  This  same 
trend  was  observed  for  shark  AOCS5. 


Discussion 

Recent  studies  have  shown  that  the  oceanic 
whitetip  shark  is  an  epipelagic  predator 
largely  confined  to  the  mixed  layer  (Musyl 
et  al.,  2011;  Howey-Jordan  et  al.,  2013;  To- 
lotti et  al.,  2015b) — a finding  that  was  also 
confirmed  with  this  study.  To  date,  however, 
detailed  information  on  how  this  species  oc- 
cupies the  epipelagic  environment  has  been 
lacking.  This  study  revealed  that  oceanic 
whitetip  sharks  had  complex  vertical  move- 
ment patterns,  pronounced  diel  changes 
and  behavioral  shifts,  and  that  environ- 
mental factors  influenced  vertical  activity. 
Several  statistical  approaches  were  com- 
bined to  identify  these  vertical  movement 
patterns.  This  research  represents  the  first 
description  of  satellite  archival  data  from  a 
tag  deployed  on  an  oceanic  whitetip  shark 
in  the  Indian  Ocean. 

Diel  patterns 

The  occurrence  of  diel  behavior  has  not  been 
reported  from  previous  research  on  vertical 
movements  of  oceanic  whitetip  sharks  (Howey-Jordan  et 
al.,  2013).  Conversely,  diel  patterns  were  observed  for 
all  6 individuals  analyzed  in  our  study.  Despite  some 
variability,  diel  patterns  occurred  at  least  once  during 
the  monitoring  period  of  each  tagged  shark.  Diel  vertical 
movements  are  very  common  for  fish  species  with  verti- 
cal ranges  that  exceed  that  of  oceanic  whitetip  sharks, 
such  as  the  blue  shark  (Prionace  glauca),  bigeye  thresh- 
er ( Alopias  superciliosus ),  swordfish,  and  bigeye  tuna 
( Thunnus  obesus)  (Musyl  et  al.,  2003,  2011;  Abecassis 
et  al.,  2012;  Lam  et  al.,  2014;  Coelho  et  al.,  2015).  These 
species  usually  occupy  deep  waters  during  the  day  and 
remain  in  the  mixed  layer  during  the  night.  They  are 
believed  to  follow  the  vertical  migration  of  mesopelagic 
prey  species  within  the  deep  scattering  layer  (Dagorn 
et  al.,  2000;  Bernal  et  al.,  2009). 

Several  epipelagic  predators  have  also  been  reported 
to  display  diel  patterns  in  their  vertical  behavior.  For 
the  silky  shark  (C.  falciformis ) and  dolphinfish  ( Cory - 
phaena  hippurus)  (Merten  and  Appeldoorn,  2014;  Fil- 
malter  et  al.,  2015),  for  example,  vertical  movements 
similar  to  the  type-I  behavior  described  previously  for 
the  oceanic  whitetip  shark  have  been  observed.  Al- 
though opposite  to  the  general  diel  migration  pattern 
described  for  pelagic  species  with  wide  vertical  ranges, 
type-I  behavior  could  also  be  linked  to  feeding  on  me- 
sopelagic prey  from  the  deep  scattering  layer.  Filmal- 
ter  et  al.  (2015)  reported  that  silky  sharks  during  the 
night  were  more  vertically  active  and  were  observed 
at  depths  similar  to  the  nocturnal  depth  range  of  pe- 
lagic species  known  to  follow  the  migration  of  the  deep 
scattering  layer.  The  authors  hypothesized  that  these 
increased  vertical  oscillations  were  associated  with 
feeding  activity. 
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Figure  5 

Tracks  of  3 oceanic  whitetip  sharks  ( Carcharhinus  longimanus)  tagged  off  northeast  Brazil  in  the  Atlantic  Ocean  at  a 24-h 
interval  in  March  2012,  (A)  AOCS5,  (B)  AOCS6,  and  (C)  AOCS7,  and  (D)  the  proportion  of  the  3 behavior  types  of  vertical 
movement  across  those  tracks.  The  2 colors  for  each  month  indicate  the  first  and  second  halves  of  the  month. 


Table  2 

Summary  of  data  on  the  spike  dives  performed  by  oceanic  whitetip  sharks  ( Car- 
charhinus longimanus)  during  monitoring  with  pop-up  satellite  archival  tags  in 
the  Atlantic  and  Indian  oceans  in  2011  and  2012. 


Number  of  deep  Max  depth  Duration  Descent  rate  Ascent  rate 


ID 

spike  dives 

range (m) 

(min) 

range  (m/s) 

range  (m/s) 

AOCS3 

4 

237-365 

21-45 

0.55-1.00 

0.10-0.24 

AOCS4 

4 

232-340 

35-75 

0.14-0.49 

0.12-0.22 

AOCS5 

3 

154-193 

40-55 

0.19-0.23 

0.08-0.12 

AOCS6 

2 

181-277 

45 

0.17-0.40 

0.09-0.12 

AOCS7 

18 

153-405 

30-65 

0.44-1.05 

0.15-0.26 

IOCS1 

6 

257-317 

35-50 

0.22-0.89 

0.14-0.17 

In  our  study,  indication  of  an  increased  vertical 
activity  during  the  night  also  was  found  (see  Fig.  1). 
Moreover,  oceanic  whitetip  sharks  are  known  to  feed 
on  mesopelagic  squids  (Backus  et  al.,  1956),  and  stable 
isotopes  in  a recent  study  have  indicated  that  there  is 
an  almost  equal  importance  of  squids  (44%)  and  larg- 
er pelagic  teleosts  (47%)  in  their  diet  (Madigan  et  al., 
2015).  Deep  excursions  of  oceanic  whitetip  sharks  are 
rare  and  are,  therefore,  unlikely  to  account  for  such  a 
significant  portion  of  a mesopelagic  species  in  the  diet 
of  this  shark.  This  fact  indicates  that  type-I  behavior 


indeed  can  be  linked  to  feeding  on  prey  from  the  deep 
scattering  layer  during  the  night. 

Variability  in  vertical  movement  patterns  has  also 
been  reported  for  several  pelagic  fish  species.  Blue 
sharks  are  known  for  their  marked  diel  migration  to 
shallower  waters  during  the  night,  but  5 distinct  ver- 
tical behavior  types  have  been  described  recently  for 
that  species  (Queiroz  et  al.,  2012).  These  behavior 
types  ranged  from  the  general,  known  diel  pattern  to 
their  inverse  and  included  patterns  for  which  no  diel 
differences  were  apparent,  as  we  have  described  for 
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Figure  6 

Daily  temperature  profiles  estimated  by  using  transmitted  data  from  pop-up  satellite  archival  tags  used  to 
track  6 oceanic  whitetip  sharks  ( Carcharhinus  longimanus)  in  the  Indian  and  Atlantic  oceans  between  2011 
and  2012:  (A)  IOCS1,  (B)  AOCS3,  (C)  AOCS4,  (D)  AOCS5,  (E)  AOCS6,  and  (F)  AOCS7.  The  continuous  and 
dotted  black  lines  represent  the  daily  average  depth  and  its  standard  deviation,  respectively,  for  each  shark. 
The  dotted  blue  line  represents  the  mixed-layer  depth. 


oceanic  whitetip  sharks  in  this  study  (type-III  behav- 
ior). Contrasting  diel  vertical  behavior  types  have  also 
been  reported  for  the  porbeagle  ( Lamna  nasus)  and 
plankton-feeding  basking  shark  ( Cetorhinus  maximus) 
(Sims  et  al.,  2005;  Pade  et  al.,  2009).  These  behaviors 
are  believed  to  be  linked  to  prey  availability.  The  stud- 
ies cited  above  show  that  shifts  in  diel  vertical  behav- 
ior occur  when  the  sharks  change  their  environment, 
for  example,  when  they  move  from  mixed  coastal  wa- 
ters to  well-stratified  offshore  waters  (Pade  et  al.,  2009; 
Queiroz  et  al.,  2012),  or  when  they  mirror  prey  behav- 
ior (Sims  et  al.,  2005). 

For  the  oceanic  whitetip  sharks  tagged  in  our  work, 
it  was  not  possible  to  identify  clear  temporal  or  spa- 
tial patterns  in  the  occurrence  of  the  different  behav- 
iors. The  types  of  behavior  alternated  frequently  and 
no  pattern  was  observed  across  the  time  series  (Fig. 
5,  Suppl.  Fig.  2).  Oceanic  whitetip  sharks  are  opportu- 
nistic predators  (Backus  et  al.,  1956;  Compagno,  1984), 


and  the  variability  observed  in  the  vertical  movement 
patterns  of  the  sharks  in  our  study  could  very  well  be 
linked  to  prey  distribution,  as  has  been  suggested  for 
other  pelagic  sharks.  Additional  research  using  simul- 
taneous data  collection  on  prey  distribution  and  tag- 
ging experiments  would  be  required  to  verify  this  hy- 
pothesis. A comparison  of  the  vertical  behavior  of  other 
pelagic  sharks  tagged  in  the  same  areas  could  also  pro- 
vide useful  information. 

The  fast  Fourier  transform  analysis  of  depth  data 
from  the  recovered  tag  (shark  AOCS3)  revealed  2 dis- 
tinct frequency  peaks,  at  12  and  24  h,  indicating  a pro- 
nounced periodicity  in  the  vertical  movements  of  this 
shark  (Fig.  2).  The  peak  at  24  h confirms  the  diel  be- 
havior, and  its  broad  base  indicates  a certain  degree  of 
variability.  Peaks  corresponding  to  a 24-h  cycle  have 
been  observed  for  other  pelagic  shark  species,  and  such 
peaks  are  typically  interpreted  as  evidence  of  diel  be- 
havior (Brunnschweiler  and  Sims,  2012;  Filmalter  et 


390 


Fishery  Bulletin  115(3) 


ALL:  depth  SD  ~ s(long,  lat)  + s(mld)  + s(SST)  + s(size,  k = 6) 


Figure  7 

Formulas  and  corresponding  smoothing  terms  (thin-line  regression  splines,  black  lines)  with  95%  confidence  inter- 
vals (dotted  lines)  for  the  best-fitted  generalized  additive  models  used  in  this  study  of  vertical  movements  of  oce- 
anic whitetip  sharks  ( Carcharhinus  longimanus).  The  models  were  based  on  data  from  6 tagged  oceanic  whitetip 
sharks  in  the  Atlantic  and  Indian  oceans  between  2011  and  2012,  with  the  daily  depth  standard  deviation  (SD) 
as  the  response  variable.  Shown  are  the  splines  for  (A)  mixed-layer  depth  (MLD),  (B)  sea-surface  temperature 
(SST),  and  (C)  size  for  the  model  that  used  all  6 sharks,  MLD  for  the  model  that  used  the  shark  tagged  in  the 
Indian  Ocean  (IOCS1)  (D),  MLD  and  SST  for  the  models  that  used  an  individual  shark  tagged  in  the  Atlantic 
Ocean — (E-F)  AOCS3,  (G-H)  AOCS5,  (I-J)  AOCS6 — and  (K)  SST  for  the  model  that  used  a shark  tagged  in  the 
Atlantic  Ocean  (AOCS7).  Splines  (s)  are  not  shown  for  a fourth  smoothing  term,  longitude  (long.)  and  latitude 
(lat).  K=number  of  individuals. 
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al.,  2015;  Tyminski  et  al.,  2015).  A 12-h  periodicity  in 
vertical  behavior,  however,  has  not  been  reported  as 
often  for  pelagic  species.  Typically,  a spectral  peak  at 
12  h is  observed  for  coastal  species,  and  such  peaks 
are  strongly  linked  to  tidal  cycles  (Urmy  et  al.,  2012). 
Similar  to  the  peak  observed  for  shark  AOCS3,  the 
strongest  spectral  peak  in  the  periodogram  of  a bask- 
ing shark  in  another  study  had  a period  of  12.35  h 
(Shepard  et  al.,  2006).  The  authors  associated  this  peak 
with  the  tidal  cycle  because  the  shark  remained  on  the 
continental  shelf  where  there  is  clearly  a tidal  influ- 
ence. In  contrast,  shark  AOCS3  remained  in  oceanic 
waters  (Suppl.  Fig.  1)  with  a potentially  weaker  tidal 
signal.  Therefore,  it  appears  unlikely  that  the  12-h 
spectral  peak  observed  for  this  oceanic  whitetip  shark 
was  linked  to  any  tidal  cycle. 

Instead,  the  12-h  peak  appears  to  be  related  to 
vertical  crepuscular  movements.  The  oceanic  whitetip 
sharks  analyzed  in  this  study  occupied  considerably 
shallower  depths  during  the  hours  of  dawn  and  dusk 
than  during  other  periods  of  the  day  (Fig.  1).  Coinci- 


dentally, at  equatorial  latitudes,  day  and  night  have 
similar  lengths,  resulting  in  a crepuscular  event  ev- 
ery 12  h (World  of  Earth  Science,  2003).  Shark  AOCS3 
stayed  at  equatorial  latitudes  during  its  entire  track- 
ing period,  indicating  that  the  12-h  spectral  peak  of 
vertical  movement  matches  the  crepuscular  cycle.  This 
dawn  and  dusk  pattern  of  vertical  movement  was  con- 
sistent throughout  the  time  series  of  all  6 individu- 
als, and  it  has  been  identified  also  in  the  behavior  of 
oceanic  whitetip  sharks  tagged  in  the  Pacific  Ocean 
(Musyl  et  al.,  2011).  The  sharpness  of  the  12-h  peak  in- 
dicates that  this  crepuscular  pattern  represents  a fre- 
quent and  pronounced  feature  in  the  oceanic  whitetip 
shark  behavioral  repertoire.  Similar  patterns  have 
been  reported  for  other  shark  species  and  have  been 
associated  with  foraging  behavior  and  maintaining  a 
preferred  isolume  (Nelson  et  al.,  1997;  Vianna  et  al., 
2013).  In  short,  the  variations  in  luminosity,  charac- 
teristic of  twilight  hours,  may  represent  the  cues  that 
regulate  the  behavioral  shifts  and  feeding  activity  of 
this  species. 
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Spike  dives 

Oceanic  whitetip  sharks  tagged  in  the  North  Atlantic 
Ocean  (Bahamas)  have  been  reported  to  make  sporadic 
deep  dives  to  the  mesopelagic  zone,  down  to  a depth 
of  1190  m (Howey-Jordan  et  al.,  2013;  Howey  et  al., 
2016).  Similar  to  the  deep  dives  observed  in  our  work, 
descent  rates  of  dives  of  oceanic  whitetip  sharks  in  the 
study  off  the  Bahamas  were  significantly  faster  than 
ascent  rates.  However,  unlike  most  sharks  in  our  study, 
the  sharks  in  the  Bahamas  performed  deep  dives  pri- 
marily at  night  and  dusk.  The  difference  between  the 
2 studies  in  the  period  during  which  oceanic  whitetip 
sharks  made  deep  dives  could  be  related  to  local  envi- 
ronmental conditions;  however,  1 shark  (shark  AOCS7) 
in  our  study  also  made  spike  dives  primarily  during 
the  night.  These  contrasting  periods  and  the  rarity  of 
these  deep  dives  make  it  difficult  to  identify  their  driv- 
ing forces.  In  any  case,  similarly  shaped  deep  dives  are 
relatively  common  among  pelagic  sharks  and  often  are 
believed  to  be  associated  with  prey  searching  (Sepul- 
veda et  al.,  2004;  Hoffmayer  et  al.,  2013;  Howey-Jordan 
et  al.,  2013;  Tyminski  et  al.,  2015).  Gleiss  et  al.  (2011) 
suggested  that  v-shaped  dives  might  help  sharks  to 
efficiently  scan  the  water  column  for  patches  of  food 
while  expending  minimal  energy.  They  also  suggested 
that  slower  ascent  rates  might  improve  the  chances  of 
pelagic  predators  detecting  prey  because  backlighting 
is  improved  during  ascents. 

If  searching  for  prey  is  the  driver  behind  the  occa- 
sional spike  dives  observed  for  oceanic  whitetip  sharks 
in  our  study,  they  could  have  been  triggered  after 
sharks  remained  in  less  productive  surface  waters  for 
prolonged  periods.  It  has  been  hypothesized  that  deep 
dives  by  whale  sharks  ( Rhincodon  typus)  in  the  Indian 
Ocean  were  triggered  when  individuals  were  crossing 
less  productive  areas  (Brunnschweiler  and  Sims,  2012). 
Another  hypothesis  for  the  occurrence  of  spike  dives  is 
that  sharks  make  these  deep  dives  to  search  for  navi- 
gational cues  through  magnetic  gradients  (Willis  et 
al.,  2009).  Seafloor  magnetic  anomalies  associated  with 
bathymetric  features  form  a predictable  gridded  pattern 
that  is  believed  to  aid  navigation  (Walker  et  al.,  2002). 
Sharks  can  detect  magnetic  fields  (Kalmijn,  1982),  and 
deep  dives  could  represent  a mechanism  to  acquire  these 
magnetic  cues  (Gleiss  et  al.,  2011;  Tyminski  et  al.,  2015). 
Howey  et  al.  (2016)  concluded  that  foraging  or  naviga- 
tion are  the  only  viable  hypotheses  to  explain  the  rea- 
sons for  the  mesopelagic  excursions  of  oceanic  whitetip 
sharks,  but  they  suggested  that  foraging  is  the  most 
likely  hypothesis.  Nevertheless,  the  2 proposed  hypothe- 
ses are  plausible  and  not  mutually  exclusive.  It  is,  there- 
fore, possible  that  isolated  spike  dives  taken  by  oceanic 
whitetip  sharks  can  be  triggered  by  both  foraging  and 
navigational  needs,  depending  on  the  circumstances. 

Vertical  movements  and  the  environment 

Water  temperature  is  a limiting  factor  for  ectothermic 
species  whose  body  temperature  is  dependent  on  the 


external  environment,  because  body  temperature  is  a 
central  factor  in  the  control  of  their  physiological  pro- 
cesses (Sims,  2003).  For  such  species,  like  the  oceanic 
whitetip  shark,  which  occupies  the  tropical  epipelagic  ! 
niche  (Musyl  et  al.,  2011;  Howey-Jordan  et  al.,  2013;  \ 
Tolotti  et  al.,  2015b),  variations  in  the  extent  and  heat  I 
content  of  the  warmer  mixed  layer  are  expected  to  play  I 
a major  role  in  their  vertical  movements.  Our  study  | 
confirmed  this  strong  relationship  by  modeling  the  | 
SD  of  daily  depth  records  as  a proxy  for  the  ampli-  t 
tude  of  vertical  movements.  The  GAM  results  indicate  J 
that  tagged  oceanic  whitetip  sharks  tended  to  increase  | 
their  vertical  range  in  the  water  column  as  the  depth  | 
of  the  mixed  layer  increased  and,  consequently,  their  I 
optimal  habitat  expanded.  A similar  relationship  was  I 
recently  observed  for  another  tropical  epipelagic  spe-  ' 
cies;  dolphinfish  tagged  in  the  Pacific  Ocean  extended  I 
their  vertical  depth  ranges  as  the  depth  of  the  thermo- 
cline  increased  (Furukawa  et  al.,  2014). 

Besides  the  MLD,  other  factors  were  found  to  influ- 
ence the  vertical  movements  of  tagged  oceanic  whitetip  jj 
sharks  in  our  study.  Results  from  the  GAM  that  used  ; 
data  for  multiple  sharks  indicate  an  effect  of  shark 
size,  in  which  larger  individuals  tended  to  have  wider 
use  of  the  water  column.  Values  of  average  depth  per 
hour,  displayed  in  Figure  1,  also  indicate  that  vertical  \ 
behavior  might  vary  with  shark  size.  Such  an  effect  • 
might  be  linked  to  the  increased  thermal  inertia  that 
results  from  a larger  body  mass,  enabling  larger  indi- 
viduals  to  extend  their  thermal  habitat  (Neill  et  al., 
1974,  1976;  Wilson  et  al.,  2006).  A possible  effect  of  size  i 
on  the  vertical  movements  of  oceanic  whitetip  sharks  I 
and  silky  sharks  also  has  been  reported  from  a tag-  jj 
ging  study  conducted  off  Hawaii  (Musyl  et  al.,  2011).  j 
The  results  of  a cluster  analysis  by  Musyl  et  al.  (2011)  r 
revealed  that  the  vertical  behavior  of  large  individuals  I 
(>200  cm  in  total  length)  of  these  2 closely  related  spe-  * 
cies  appear  to  be  well  separated  from  that  of  juveniles.  ; 

For  oceanic  whitetip  sharks  tagged  in  the  Bahamas, 
a correlation  between  average  daily  depth  and  SST 
was  observed  (Howey-Jordan  et  al.,  2013).  The  authors  \ 
reported  that  the  average  daily  depth  increased  when 
individuals  experienced  warmer  SSTs.  For  the  oceanic  i 
whitetip  sharks  that  we  studied,  the  results  from  most  f 
GAMs  also  indicate  a positive  relationship  between  1 
vertical  movement  and  SST.  Interestingly,  for  2 individ-  1 
uals  (AOCS3  and  AOCS5),  this  relationship  occurred  i 
simultaneously  with  an  inverse  relationship  between 
MLD  and  the  vertical  activity  of  the  sharks.  In  short,  j 
when  SST  was  above  average,  these  2 sharks  increased 
the  amplitude  of  their  vertical  movement  despite  the  ■ 
reduced  depth  of  the  mixed  layer.  This  pattern  may 
indicate  behavioral  thermoregulation.  Accordingly,  oce-  < 
anic  whitetip  sharks  could  be  using  the  warmer  SST  to  { 
accumulate  heat  and  subsequently  explore  cooler  deep 
waters  or  they  could  be  diving  below  the  thermocline  jj 
to  cool  down. 

Howey-Jordan  et  al.  (2013)  also  suggested  that  the 
correlation  between  SST  and  average  depth  observed 
for  the  oceanic  whitetips  sharks  in  the  Bahamas  could 
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indicate  a behavioral  thermoregulation  mechanism. 
In  fact,  the  use  or  active  avoidance  of  heat  sources  to 
regulate  body  temperature  has  been  reported  for  oth- 
er shark  species  (Campana  et  al.,  2011;  Speed  et  a!., 
2012;  Vianna  et  al.,  2013).  There  is  evidence  support- 
ing the  idea  that  behaviorally  induced  thermoregula- 
tion optimizes  physiological  and  metabolic  processes, 
reducing  metabolic  losses  and  increasing  foraging  ef- 
ficiency (Sims,  2003;  Campana  et  al.,  2011).  Unfortu- 
nately, the  relatively  small  sample  size  of  our  study 
hampers  a more  detailed  analysis  and  discussion  con- 
cerning behaviorally  induced  thermoregulation  on  oce- 
anic whitetip  sharks.  Although  additional  data  are  still 
required,  the  results  presented  here  indicate  that  the 
accumulation  of  heat  could  play  an  important  role  in 
triggering  vertical  movements.  It  seems  that  warmer 
SST  allows  oceanic  whitetip  sharks  to  tolerate  a great- 
er temperature  range  and,  therefore,  to  temporarily  ex- 
pand their  vertical  niche. 

Longlining  is  the  main  gear  responsible  for  the  de- 
mise of  populations  of  oceanic  whitetip  shark  (Rice  and 
Harley1).  Given  that  the  depth  stratum  of  this  fishing 
gear  considerably  overlaps  with  the  vertical  distribu- 
tion of  this  species  (Tolotti  et  al.,  2015b),  it  is  impor- 
tant to  continue  our  efforts  to  understand  the  behav- 
ioral patterns  of  sharks  and  the  drivers  behind  these 
patterns.  It  must  be  noted  that  when  dealing  with 
rare,  threatened  animals,  such  as  the  oceanic  whitetip 
shark,  sample  size  is  constrained  largely  by  opportuni- 
ty. This  study  was  based  on  only  6 individuals,  but  the 
observations  over  538  d in  the  Atlantic  Ocean  and  100 
d in  the  Indian  Ocean  provide  new  information  on  the 
behavior  of  this  shark.  Nevertheless,  the  scientific  com- 
munity should  direct  its  efforts  to  increase  the  number 
of  tagged  individuals,  including  tagging  across  a broad- 
er geographic  region.  Electronic  tags  are  resourceful, 
nonlethal  instruments  that  can  significantly  improve 
our  knowledge  of  the  ecology  of  this  threatened  species 
and,  consequently,  can  aid  its  conservation. 
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Abstract — We  analyzed  the  effect  of 
skipped  spawning  on  the  estimates 
of  length  and  age  at  maturity  and 
on  the  reproductive  potential  of  Ar- 
gentine hake  ( Merluccius  hubbsi) 
from  the  Patagonian  stock  during 
the  spawning  peaks  between  2005 
and  2013.  The  length  at  first  ma- 
turity increased  by  2-3  cm  in  total 
length  (TL),  and  the  age  at  maturity 
increased  by  0.27-0.88  years  when 
the  proportion  of  females  that  would 
skip  spawning  was  incorporated  in 
the  relationships.  In  addition,  the 
slopes  of  the  models  decreased,  sug- 
gesting that  all  individuals  reach 
sexual  maturity  at  a greater  size 
and  age  than  those  estimated  with 
the  traditional  criterion  for  matu- 
rity, which  does  not  consider  skipped 
spawning  because  fish  in  the  resting 
stage  are  classified  as  mature.  The 
reduction  in  egg  production  caused 
by  skipped  spawning  ranged  be- 
tween 3.56%  and  12.12%,  when  we 
used  the  maturity  models  with  age 
data,  or  between  2.70%  and  6.80%, 
when  we  used  the  models  with 
TL  data.  Females  that  would  skip 
spawning  were  mainly  specimens 
with  sizes  between  40  and  50  cm  TL, 
and  most  belonged  to  the  age  class 
of  3-year-old  fish. 
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One  of  the  main  assumptions  in  fish- 
ery assessments  for  iteroparous  fish 
species  is  that  after  spawning  for  the 
first  time,  i.e.,  after  reaching  matu- 
rity, these  species  reproduce  annu- 
ally. Nevertheless,  failure  to  spawn 
in  consecutive  years  has  been  ob- 
served in  many  species,  a phenome- 
non known  as  skipped  spawning  (SS) 
(Rideout  et  al.,  2005).  In  general,  the 
hypotheses  proposed  to  explain  the 
cause  of  SS  are  associated  with  feed- 
ing deficiencies  that  decrease  energy 
storage  before  spawning.  Such  feed- 
ing deficiencies  may  leave  the  fish  in 
such  a poor  nutritional  condition  that 
they  may  not  have  sufficient  energy 
to  support  egg  production  in  consec- 
utive years  (Dutil,  1986;  Holmgren, 
2003;  Jprgensen  et  al.,  2006;  Rideout 
et  al.,  2006;  Rideout  and  Tomkiewicz, 
2011).  Failure  to  consider  SS  in  the 
reproductive  output  of  a stock  could 
result  in  an  overestimation  of  spawn- 
ing stock  biomass  and  reproductive 
potential  (Rideout  and  Tomkiewicz, 
2011).  Despite  the  influence  of  the 
SS  phenomenon  in  the  estimation  of 
total  egg  production,  this  influence 
has  rarely  been  considered  in  fishery 
assessments  (Rideout  et  al.,  2005). 


The  Patagonian  stock  of  Argentine 
hake  ( Merluccius  hubbsi),  distributed 
from  41°S  to  55°S  at  depths  between 
50  and  500  m,  is  one  of  the  most  im- 
portant fishery  resources  for  Argen- 
tina; the  total  annual  catch  reported 
for  2015  was  approximately  260,000 
metric  tons  (Ministerio  de  Agroin- 
dustria1).  This  stock  is  assessed  an- 
nually through  virtual  population 
analysis  with  an  age-structured  mod- 
el with  spawning  stock  biomass  as  a 
biological  reference  point.  The  Argen- 
tine hake  from  the  Patagonian  region 
is  a batch  spawner  with  indetermi- 
nate annual  fecundity;  it  reproduces 
from  November  to  April  and  peak 
spawning  occurs  in  January  (Macchi 
et  al.,  2004).  Recently,  it  was  reported 
that  6-22%  of  female  Argentine  hake 
from  Patagonian  waters  would  skip 
spawning  and  remain  unproductive 
during  the  spawning  peak  (Macchi  et 


1 Ministerio  de  Agroindustria.  2015  De- 
sembarques  de  capturas  marftimas  to- 
tales — por  especie  y flota.  Subsecretaria 
de  Pesca  y Acuicultura,  Secretaria  de 

Agricultura,  Ganaderia  y Pesca,  Min- 
isterio de  Agroindustria,  Buenos  Aires, 
Argentina.  [Available  from  website,  ac- 
cessed October  2016.] 
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Table  1 

Number  of  samples  and  subsamples  of  specimens  collected  from  the  Patagonian  stock  of  Argentine 
hake  ( Merluccius  hubbsi),  as  well  as  the  number  of  ovaries  collected  for  estimation  of  fecundity. 
Research  surveys  were  carried  out  during  the  spawning  peak  (January)  and  the  resting  period 
(August)  of  this  stock  in  the  north  Patagonian  region  of  Argentina  from  2005  through  2013. 


Year 

Total  samples 
in  January 

Female  samples 
in  January 

Female  subsamples 
in  January 

Female  samples 
in  August 

Ovaries 
for  fecundity 

2005 

16250 

6810 

2322 

3228 

178 

2006 

8500 

4022 

2546 

111 

2007 

8804 

5634 

2015 

4371 

78 

2008 

13,881 

7045 

1954 

110 

2009 

15,813 

7970 

1969 

101 

2010 

19,683 

9485 

2037 

105 

2011 

13,487 

6420 

1959 

5577 

731 

2012 

19,362 

9533 

3448 

3030 

82 

2013 

31,956 

14,155 

3361 

7392 

97 

al.,  2016).  These  individuals  were  located  mostly  on  the 
periphery  of  the  spawning  area  at  depths  close  to  100 
m,  and  they  were  mainly  young  adult  females. 

We  report  on  our  continued  study  of  skipped  spawn- 
ing in  Argentine  hake.  The  main  purpose  of  the  re- 
search described  in  our  study  was  to  establish  how 
this  phenomenon  affects  the  reproductive  potential  of 
the  Patagonian  stock  of  this  species.  We  constructed 
length-  and  age-based  maturity  models  by  using  2 
interpretations  of  the  maturity  cycle:  1)  females  that 
had  skipped  spawning  were  classified  as  mature  (tra- 
ditional interpretation)  and  2)  mature  females  that 
had  not  spawned  during  the  reproductive  season  were 
classified  as  functionally  immature  (revised  interpreta- 
tion). We  also  examined  the  relationship  between  the 
demographic  composition  of  the  stock  and  the  incidence 
of  skipped  spawning.  We  estimated  the  proportion  of 
the  total  reproductive  potential  that  was  reduced  as 
a result  of  skipped  spawning  by  analyzing  data  from 
research  surveys  performed  during  peak  spawning  of 
the  Patagonian  stock  of  Argentine  hake. 

Materials  and  methods 

Sample  collection  and  laboratory  processing 

Most  of  our  samples  were  collected  in  the  summer  dur- 
ing 9 research  surveys  conducted  by  the  Institute  Na- 
tional de  Investigation  y Desarrollo  Pesquero  (INIDEP) 
in  the  north  Patagonian  area  off  Argentina  between 
2005  and  2013  (Table  1).  These  surveys  were  performed 
during  the  peak  spawning  time  for  the  Patagonian 
stock  of  Argentine  hake  (January)  in  the  area  of  repro- 
duction, and  in  the  main  nursery  ground  for  young-of- 
the-year  individuals  in  the  San  Jorge  Gulf.  Trawling 
during  these  surveys  was  conducted  at  depths  between 
50  and  120  m along  transects  regularly  separated  by 


approximately  37  km  (20  nmi)  and  oriented  perpendic- 
ularly to  the  coastline  (Fig.  1).  We  also  had  data  from 
samples  of  females  collected  during  5 surveys  carried 
out  in  the  same  area  (43-47°S  and  61-67°W)  in  August 
(austral  winter)  when  the  Patagonian  stock  of  Argen- 
tine hake  was  in  a resting  reproductive  stage  (Table 
1).  In  these  5 surveys,  50-90  stations  were  sampled  by 
using  a stratified  random  design  for  the  entire  study 
area,  at  depths  between  50  and  200  m.  The  bottom 
trawl  used  for  all  surveys  had  a mouth  width  of  ap- 
proximately 20  m,  a height  of  4 m,  and  a net  with  a 
20-mm  mesh  liner  in  the  codend. 

After  weighing  the  catch  of  Argentine  hake,  a ran- 
dom sample  was  taken  to  determine  sex,  and  the  total 
length  (TL,  in  centimeters)  was  recorded  for  each  fish. 
Moreover,  the  maturity  of  each  specimen  was  assessed 
macroscopically  on  the  basis  of  a 5-stage  maturity 
key:  1)  immature,  2)  developing,  3)  spawning,  4)  post- 
spawning or  spent,  and  5)  resting  or  recovering.  This 
maturity  scale  was  previously  validated  for  females  by 
histological  analysis  of  the  ovaries  and  was  described 
in  Macchi  et  al.  (2016).  For  this  reason,  to  estimate 
length  and  age  at  maturity  (L50  and  A50,  respectively), 
we  used  only  macroscopic  information.  To  estimate  age 
composition,  sagittal  otoliths  were  collected  from  ran- 
dom subsamples  of  female  Argentine  hake  collected 
from  different  sampling  stations  during  January  sur- 
veys (Table  1).  Ages,  based  on  analysis  of  these  otoliths, 
were  determined  by  using  a method  described  by  Renzi 
and  Perez  (1992). 

To  estimate  models  of  batch  fecundity  versus  TL  and 
batch  fecundity  versus  age  for  the  Patagonian  stock,  we 
collected  females  classified  as  spawning  (with  hydrated 
oocytes)  from  different  sampling  stations,  and  fixed  the 
ovaries  in  10%  neutral-buffered  formalin  for  histologi- 
cal analysis  (Table  1).  The  ovaries  were  weighed  to  the 
nearest  0.1  g to  obtain  gonad  weight,  and  a portion 
(approximately  2.0  g)  of  each  gonad  was  then  removed, 
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Figure  1 

Locations  where  Argentine  hake  (Merluccius  hubbsi)  were  collected  during 
January  for  the  years  2005  through  2013  in  waters  of  the  north  Patagonian 
area  off  Argentina.  Open  circles  indicate  sampling  locations  in  the  area 
where  Argentine  hake  typically  spawn,  and  black  squares  indicate  sampling 
locations  in  the  nursery  area  for  juvenile  Argentine  hake  in  the  San  Jorge 
Gulf. 


dehydrated  in  ethanol,  cleared  in  xylol,  and  embedded 
in  paraffin.  From  these  gonads,  5-pm  sections  were 
mounted  and  stained  with  Harris  hematoxylin  followed 
by  eosin  counterstain. 

Estimation  of  length  and  age  at  maturity 

We  constructed  length-  and  age-based  maturity  ogives 
for  female  Argentine  hake  from  samples  and  sub- 
samples collected  during  the  summer  spawning  peak 
(January)  of  the  Patagonian  stock  (Table  1).  For  esti- 
mation of  L50  and  A50,  the  maximum  likelihood  method 
was  used  to  fit  the  proportion  of  mature  individuals  by 
length  class  (TL)  and  age  class  to  a logistic  function 
(Kendall  and  Stuart,  1967). 

The  presence  of  ovaries  in  fish  classified  in  the  rest- 
ing stage  and  collected  during  the  main  spawning  peak 
of  the  Patagonian  stock  was  taken  as  evidence  of  SS 
in  female  Argentine  hake  (Macchi  et  al.,  2016).  These 
gonads  were  characterized  as  having  only  oocytes  in 
the  primary  growth  phase  and  as  having  a thick  ovar- 
ian tunica,  with  no  evidence  of  ovary  development  or 
recent  spawning  (Rodgveller  et  al.,  2016).  Therefore, 
when  considering  SS  in  estimating  the  maturity  ogives, 
we  classified  females  in  the  resting  stage  as  immature 
individuals. 

For  this  reason,  and  following  the  method  of  Rod- 
gveller et  al.  (2016),  we  estimated  L50  and  A50  on  the 
basis  of  the  following  2 interpretations  of  the  matu- 


rity cycle:  1)  the  traditional  interpretation,  in  which 
fish  in  the  resting  stage  were  classified  as  mature,  and 
2)  the  revised  interpretation,  in  which  adult  females 
classified  as  in  the  resting  stage  were  considered  to 
be  functionally  immature.  We  obtained  coefficients  of 
the  maturity  ogives  by  using  both  interpretations  for 
each  year  during  the  period  2005-2013.  The  coefficients 
were  compared  by  using  an  %2  test  according  to  Aubone 
and  Wohler.2 

In  the  case  of  the  August  surveys,  we  had  only  data 
for  TL  and  gonad  maturity  stage  from  samples  of  fe- 
males collected  in  2005,  2007,  2011,  2012  and  2013  (Ta- 
ble 1).  Using  this  information,  we  constructed  length- 
based  maturity  ogives  for  August  of  those  years,  and 
the  models  obtained  were  compared  with  the  maturity 
ogives  estimated  using  data  from  January  of  the  same 
year,  during  the  previous  spawning  peak.  Coefficients 
of  the  logistic  relationships  obtained  in  both  sampling 
seasons  were  compared  by  using  an  x2  test.  It  was  not 
possible  to  identify  females  that  were  skipping  spawn- 
ing during  August  because  the  majority  of  the  fish  dur- 
ing this  month  were  in  a resting  or  immature  stage. 


2 Aubone,  A.,  and  O.  Wohler.  2000.  Aplicacion  del  metodo 
de  maxima  verosimilitud  a la  estimation  de  parametros  y 
comparacion  de  curvas  de  crecimiento  de  von  Bertalanffy. 
INIDEP  Inf.  Tec.  37,  21  p.  [Available  from  Institute  Natio- 
nal de  Investigation  y Desarrollo  Pesquero,  Paseo  Victoria 
Ocampo  Nro.  1,  B7602HSA  Mar  del  Plata,  Argentina.] 
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Therefore,  to  estimate  length  at  first  maturity  with 
data  from  the  August  survey,  only  the  traditional  in- 
terpretation of  maturity  assignment  (resting  stage  as 
mature  female)  was  employed. 

Estimation  of  size  and  age  distributions  of  female 
Argentine  hake 

The  number  of  females  was  estimated  from  data  col- 
lected during  each  survey  between  2005  and  2013. 
These  cruises  covered  a wide  geographic  range  from 
43°S  to  47°S,  but  to  analyze  the  abundance  of  females 
that  would  skip  spawning  or  would  spawn,  we  used 
only  data  from  sampling  stations  located  in  the  area 
of  active  reproduction,  which  covers  approximately 
65%  of  the  study  zone  (Fig.  1).  The  same  area,  with  an 
extension  of  about  50,000  km2,  is  assessed  every  year 
during  a fixed-station  trawl  survey  to  estimate  the 
potential  egg  production  of  the  Patagonian  stock  of 
Argentine  hake  (Macchi  et  al.3).  Information  obtained 
from  sampling  the  trawl  catch  was  expanded  to  ob- 
tain estimates  of  the  number  of  individuals  per  length 
class,  by  using  the  method  described  by  Macchi  et  al. 
(2004).  The  number  of  mature  females  for  each  survey 
was  estimated  by  multiplying  the  number  of  Argen- 
tine hake  within  each  length  class  by  the  proportion 
of  mature  females  estimated  from  the  L50  ogive  ob- 
tained for  each  survey.  To  obtain  the  incidence  of  SS 
by  length  class,  we  compared  the  length  distributions 
obtained  with  the  estimated  maturity  ogive  with  the 
traditional  interpretation  and  the  revised  interpreta- 
tion for  each  year. 

From  the  age-length  keys  obtained  with  data  collect- 
ed in  each  survey,  we  estimated  the  age  distributions 
of  female  Argentine  hake  in  the  sampling  area  during 
each  January  between  2005  and  2013.  The  number  of 
mature  females  by  age  class  for  each  year  was  esti- 
mated by  multiplying  the  number  of  females  in  each 
age  class  by  the  proportion  of  mature  females  obtained 
from  the  A50  ogive  corresponding  to  that  year.  We  com- 
pared the  age  distributions  of  mature  females  by  using 
the  maturity  ogive  constructed  with  the  traditional  and 
the  revised  interpretation.  In  this  case,  to  determine 
the  effect  of  spawning  omission,  we  estimated  the  aver- 
age age  distributions  obtained  after  grouping  all  years 
sampled  during  the  period  2005-2013. 

Estimation  of  reproductive  potential 

Because  the  Argentine  hake  is  a batch  spawner  with  in- 
determinate annual  fecundity,  we  estimated  the  batch 
fecundity  (number  of  oocytes  released  per  spawning) 
by  the  hydrated  oocyte  method  of  Hunter  et  al.  (1985). 


3 Macchi,  G.  J.,  M.  Estrada,  H.  Brachetta,  and  V.  Abachian. 
2013.  Estructura  y production  potencial  de  huevos  del  efec- 
tivo  desovante  de  merluza  ( Merluccius  hubbsi)  al  sur  de  41°S 
durante  enero  de  2013.  Inf.  Tec.  88,  12  p.  [Available  from 
Instituto  Nacional  de  Investigation  y Desarrollo  Pesquero, 
Paseo  Victoria  Ocampo  Nro.  1,  B7602HSA  Mar  del  Plata,  Ar- 
gentina]. 


After  histological  diagnosis,  we  selected  only  ovaries 
with  hydrated  oocytes  and  without  evidence  of  recent 
spawning  (no  postovulatory  follicles),  and  removed 
3 pieces  of  tissue  (0. 1-0.2  g each)  from  the  anterior, 
middle  and  posterior  parts  of  a gonad.  These  samples 
were  weighed  (to  the  nearest  0.1  mg),  and  the  number 
of  hydrated  oocytes  was  counted  to  estimate  the  mean 
of  hydrated  oocytes  per  unit  of  weight.  Batch  fecundity 
value  for  each  female  was  obtained  by  multiplying  the 
mean  number  of  hydrated  oocytes  and  the  total  weight 
of  the  ovaries.  The  relationships  of  batch  fecundity  to 
TL  and  age  were  described  by  using  standard  regres- 
sion analysis  (Draper  and  Smith,  1981). 

We  could  not  estimate  a relationship  between  spawn- 
ing frequency  and  TL  or  age  for  each  year  sampled.  For 
this  reason,  the  index  of  reproductive  potential  of  the 
Patagonian  stock  of  Argentine  hake  in  January  from 
2005  to  2013  was  estimated  by  multiplying  the  number 
of  mature  females  in  each  length  class  or  each  age  class 
by  the  batch  fecundity  corresponding  to  that  length 
class  or  age  class.  Therefore,  this  index  represents  the 
egg  production  of  the  stock  during  one  spawning  event. 

Estimates  of  egg  production,  by  TL  and  age,  by  us- 
ing the  maturity  ogive  created  with  the  traditional 
interpretation  and  the  ogive  created  with  the  revised 
interpretation  were  compared  to  obtain  the  percentage 
of  reduction  in  egg  production  attributed  to  nonrepro- 
ductive  adult  females  during  the  spawning  season  by 
year. 

Results 

Length  and  age  at  maturity 

When  we  applied  the  traditional  interpretation  for 
maturity  diagnosis,  the  L50  estimates  for  females  of 
Argentine  hake  during  January  2005-2013  ranged 
between  32.22  and  34.53  cm  TL  (Table  2).  However, 
when  we  used  the  revised  interpretation  and  consid- 
ered that  females  in  a resting  stage  were  individu- 
als that  had  skipped  spawning,  the  values  of  L50  in- 
creased to  range  of  34.57-38.01  cm  TL.  In  all  cases, 
the  standard  error  of  L50  was  lower  when  SS  was 
considered  for  estimation  of  the  maturity  ogives — a 
result  that  may  be  associated  with  the  increase  in 
the  number  of  immature  individuals  in  length  classes 
close  to  L50.  In  addition,  when  SS  was  included  in  the 
L50  estimate,  the  slope  of  the  logistic  model  decreased 
(Table  2),  suggesting  that  all  females  reached  sexual 
maturity  at  larger  sizes  than  those  estimated  with  the 
traditional  interpretation.  Comparison  of  the  maturity 
ogives  estimated  by  the  different  interpretations  of 
maturity  showed  highly  significant  differences  for  all 
years  sampled  (P<0.001). 

The  A50  curves  estimated  with  samples  collected  be- 
tween 2005  and  2013  showed  a similar  pattern  after 
inclusion  of  the  proportion  of  females  that  SS  in  rela- 
tionship both  to  the  A50  and  the  slope  of  the  models. 
The  A50  values  estimated  with  the  traditional  inter- 
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Table  2 

Length  at  maturity  ( L50 ) and  slope  (b)  determined  by  the  logistic  model  for  female  Argentine  hake  ( Merluccius 
hubbsi ) from  the  Patagonian  stock.  Samples  were  collected  during  research  surveys  conducted  off  Argentina 
during  the  spawning  peak  (January)  and  resting  period  (August)  of  this  stock,  2005-2013.  For  surveys  con- 
ducted in  January,  coefficients  of  the  models  were  estimated  on  the  basis  of  the  following  2 interpretations 
of  the  maturity  cycle:  1)  the  traditional  interpretation,  in  which  females  in  the  resting  stage  were  classified 
as  mature,  and  2)  the  revised  interpretation,  in  which  females  in  the  resting  stage  were  considered  to  be 
functionally  immature.  Lengths  were  measured  as  total  length  in  centimeters.  Standard  errors  of  the  means 
are  given  in  parentheses.  n=sample  size.  TI,  traditional  interpretation;  RI,  revised  interpretation. 


Year 

Month 

L50  (cm  TL) 

TI 

b 

TI 

L50  (cm  TL) 

RI 

b 

RI 

n 

2005 

January 

33.88  (1.32) 

0.82  (0.032) 

35.72  (0.99) 

0.32  (0.009) 

6783 

2006 

January 

33.44  (1.59) 

0.70  (0.033) 

35.55  (1.28) 

0.25  (0.008) 

3984 

2007 

January 

32.69  (2.18) 

0.77  (0.051) 

34.57  (1.34) 

0.16  (0.005) 

5582 

2008 

January 

34.53  (1.38) 

0.62  (0.025) 

38.01  (0.99) 

0.22  (0.006) 

6988 

2009 

January 

34.26  (1.53) 

0.92  (0.041) 

37.37  (0.99) 

0.27  (0.007) 

7900 

2010 

January 

33.19  (1.29) 

1.01  (0.039) 

36.37  (0.87) 

0.21  (0.005) 

3437 

2011 

January 

32.22  (1.23) 

0.63  (0.024) 

35.84  (0.92) 

0.23  (0.006) 

6377 

2012 

January 

33.04  (1.20) 

0.87  (0.031) 

35.34  (0.81) 

0.29  (0.006) 

9501 

2013 

January 

33.13  (0.80) 

0.79  (0.019) 

36.48  (0.61) 

0.26  (0.004) 

14136 

2005 

August 

34.45  (1.58) 

0.64  (0.029) 

3228 

2007 

August 

34.51  (1.81) 

0.83  (0.043) 

4371 

2011 

August 

32.39  (1.38) 

0.91  (0.038) 

5577 

2012 

August 

34.26  (1.77) 

0.92  (0.047) 

3030 

2013 

August 

33.35  (1.32) 

0.91  (0.035) 

7392 

Table  3 

Age  at  maturity  (A50)  and  slope  (6)  determined  with  the  logistic  model  for  female  Argen- 
tine hake  ( Merluccius  hubbsi ) from  the  Patagonian  stock  collected  during  research  surveys 
conducted  off  Argentina  during  January  for  the  years  2005-2013.  Coefficients  of  the  models 
were  estimated  according  to  the  following  2 interpretations:  1)  the  traditional  interpreta- 
tion, in  which  females  in  the  resting  stage  were  classified  as  mature,  and  2)  the  revised 
interpretation,  in  which  females  in  the  resting  stage  were  considered  to  be  functionally 
immature.  Standard  errors  of  the  means  are  given  in  parentheses.  n=sample  size.  TI,  tra- 
ditional interpretation;  RI,  revised  interpretation. 


Year 

A50  (years) 

TI 

b 

TI 

A50  (years) 

RI 

b 

RI 

n 

2005 

2.40  (0.11) 

4.62  (0.22) 

2.74  (0.12) 

2.57  (0.11) 

2300 

2006 

2.36  (0.11) 

4.74  (0.22) 

2.86  (0.12) 

1.99  (0.08) 

2516 

2007 

2.32  (0.16) 

5.80  (0.44) 

3.16  (0.16) 

1.07  (0.05) 

1961 

2008 

2.48  (0.14) 

4.69  (0.28) 

3.36  (0.14) 

1.32  (0.06) 

1924 

2009 

2.50  (0.12) 

5.60  (0.29) 

2.95  (0.14) 

2.40  (0.12) 

1908 

2010 

2.43  (0.12) 

5.34  (0.26) 

2.84  (0.15) 

1.49  (0.07) 

2027 

2011 

2.34  (0.14) 

3.96  (0.27) 

2.79  (0.12) 

1.87  (0.08) 

1953 

2012 

2.51  (0.09) 

5.02  (0.18) 

2.77  (0.11) 

2.81  (0.10) 

3414 

2013 

2.47  (0.08) 

4.95  (0.17) 

2.87  (0.10) 

2.21(0.08) 

3339 

pretation  ranged  between  2.32  and  2.50  years,  while 
those  estimated  with  the  revised  criterion  increased  to 
2.74-3.36  years  (Table  3). 

The  length-based  maturity  ogives  estimated  with 
data  from  January  (spawning  peak)  and  by  using  the 
traditional  interpretation  were  significantly  different 


(P<0.05)  from  those  estimated  by  using  data  from  Au- 
gust (resting  period)  of  the  same  year,  except  for  2013 
(P>0.05);  in  general,  the  L50  coefficients  were  slightly 
higher  in  August,  but  the  slopes  were  similar  (P>0.05) 
between  months  (Table  2,  Fig.  2).  When  we  compared 
the  length-based  maturity  ogives  estimated  with  data 
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from  January  surveys  and  using  the  revised  interpreta- 
tion with  those  estimated  in  August  of  the  same  year, 
highly  significant  differences  (PcO.OQl)  were  observed, 
mainly  in  the  slopes  (Table  2,  Fig.  2). 

Age  and  size  distributions  of  females 

The  length  distributions  of  mature  female  Argentine 
hake  showed  considerable  annual  variation  during  the 
spawning  peak  in  the  period  2005-2013,  and  1 or  2 
modes  (Fig.  3).  In  general,  the  main  group  of  mature 
females  was  composed  of  individuals  between  40  cm 
and  50  cm  TL,  but  in  some  years,  such  as  2007  and 
2008,  a high  frequency  of  females  larger  than  50  cm  TL 
was  observed  (Fig.  3).  The  latter  figure  also  shows  the 
fraction  of  the  length  distributions  affected  by  SS  when 
we  used  the  maturity  ogive  estimated  with  the  revised 
interpretation  (Table  2).  It  was  observed  that  females 
that  would  skip  spawning  are  mainly  specimens  small- 


er than  50  cm  TL,  and  have  a modal  size  between  37 
and  40  cm  TL  (Fig.  3). 

Figure  4 shows  the  average  age  distributions  ob- 
tained after  grouping  all  years  sampled  and  by  apply- 
ing the  traditional  interpretation  of  maturity  and  after 
considering  the  effect  of  skipped  spawning.  This  figure 
confirms  that  females  that  would  skip  spawning  were 
mainly  younger  specimens.  Approximately  70%  of  fe- 
males that  skipped  spawning  were  3 years  old. 

Reproductive  potential 

Batch  fecundity  for  female  Argentine  hake  sampled  in 
January  between  2005  and  2013  ranged  from  70,000 
to  3,170,000  hydrated  oocytes,  for  fish  between  29  cm 
and  95  cm  TL.  The  relationship  of  batch  fecundity  to 
TL  and  to  age  for  each  sampled  year  fitted  a power 
model  (Table  4). 

The  number  of  oocytes  produced  by  batch  and  by  1-cm 
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Figure  3 

Length-frequency  distributions  of  adult  female  Argentine  hake  ( Merluccius  hubbsi)  collected  from  the  Patagonian  stock  off 
Argentina  in  January  during  the  years  2005-2013.  The  black  shaded  area  visible  beyond  the  gray  area  represents  the  frac- 
tion of  females  that  would  skip  spawning  during  the  spawning  peak  of  the  stock.  The  length-at-maturity  model  was  applied 
in  2 ways  to  create  the  2 overlapping  areas:  females  in  the  resting  stage  were  considered  mature  (black)  or  functionally 
immature  (gray). 


Results  o 
and  age  f 
research 
indicate  1 

Table  4 

f the  regression  analyses  between  batch  fecundity  (BF)  and  the  variables  total  length  (TL) 

'or  female  Argentine  hake  ( Merluccius  hubbsi ) sampled  from  the  Patagonian  stock  during 
surveys  conducted  off  Argentina  in  January  for  the  years  2005-2013.  The  letters  a and  b 
:he  parameters  of  the  equations;  r2=coefficient  of  determination;  n=sample  size. 

BF  = 

a(TLh) 

BF 

= a(ageh) 

Year 

a 

b 

r2 

n 

a 

b 

r2 

n 

2005 

0.66 

3.39 

0.87 

90 

21,750 

1.99 

0.70 

82 

2006 

2.32 

3.06 

0.73 

95 

26,830 

1.83 

0.70 

89 

2007 

1.59 

3.20 

0.84 

78 

30,169 

1.87 

0.64 

77 

2008 

1.27 

3.24 

0.84 

81 

19,793 

2.09 

0.68 

81 

2009 

1.58 

3.19 

0.76 

91 

21,251 

2.04 

0.66 

89 

2010 

0.96 

3.30 

0.78 

102 

22,492 

1.91 

0.70 

100 

2011 

2.37 

3.07 

0.81 

80 

22,422 

1.90 

0.68 

75 

2012 

0.31 

3.59 

0.84 

98 

17,326 

2.02 

0.66 

98 

2013 

1.39 

3.22 

0.85 

83 

25,350 

1.83 

0.71 

82 
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Figure  4 

Age-frequency  distributions  obtained  for  adult  female  Ar- 
gentine hake  ( Merluccius  hubbsi)  collected  from  the  Patago- 
nian stock  off  Argentina  during  January  2005-2013,  aver- 
aged across  years.  The  black  area  represents  the  fraction 
of  females  that  would  skip  spawning  during  the  spawning 
peak  of  the  stock.  The  age-at-maturity  model  was  applied 
in  2 ways  to  create  the  2 overlapping  areas:  females  in  the 
resting  stage  were  considered  mature  (black)  or  functionally 
immature  (gray). 


length  classes  during  the  spawning  peak  in  Janu- 
ary varied  annually  during  the  period  2005-2013 
(Fig.  5).  During  most  years,  the  egg  production  de- 
pended on  females  larger  than  50  cm  TL,  except 
in  2005  and  2006,  when  the  abundance  of  smaller 
adult  individuals  was  particularly  high  (Fig.  3).  Af- 
ter considering  the  incidence  of  SS  in  the  estimate 
of  egg  production  by  length  class,  it  was  evident 
that  the  SS  phenomenon  affected  mainly  females 
smaller  than  50  cm  TL  (Fig.  5).  The  reduction  in  egg 
production  of  one  batch  ranged  from  2.70%  to  6.80% 
when  we  compared  egg  production  by  length  class 
(Fig.  6).  The  lowest  value  in  the  reduction  of  egg 
production  during  the  period  analyzed  was  observed 
in  2012,  and  it  was  coincident  with  a low  propor- 
tion of  females  that  had  skipped  spawning  (Fig.  3). 

The  analysis  of  egg  production  by  age  class,  af- 
ter both  interpretations  of  maturity  were  applied, 
confirmed  that  SS  is  observed  mainly  in  young  fe- 
males (Fig.  7).  In  this  case,  the  reduction  in  egg 
production  of  one  batch  on  account  of  SS  ranged 
from  3.56%  to  12.12%.  As  found  with  the  compari- 
son by  length  class,  2012  was  the  year  with  the 
lowest  egg  production  by  age  class  (Fig.  6). 
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Figure  5 

Egg  production  by  length  class  in  one  spawning  event,  estimated  for  female  Argentine  hake  (Merluccius  hubbsi)  collected 
from  the  Patagonian  stock  off  Argentina  in  January  during  the  spawning  peak  of  2005-2013.  The  black  area  represents  the 
fraction  by  which  the  egg  production  was  reduced  by  females  that  would  skip  spawning  (SS),  and  the  gray  area  indicates 
the  actual  egg  production. 
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Figure  6 

Reduction  in  egg  production  (%)  caused  by  female 
Argentine  hake  ( Merluccius  hubbsi)  that  would  skip 
spawning  during  the  spawning  peak  of  the  Patagonian 
stock  during  the  period  2005-2013.  The  black  circles 
indicate  percentages  obtained  from  the  model  in  which 
age  was  used,  and  the  open  squares  indicate  percent- 
ages from  the  model  in  which  total  length  was  used. 


Discussion 

The  interruption  in  gonad  maturation  during  the  re-  l 
productive  cycle  has  been  reported  in  different  fish 
populations  for  over  40  years  (Rideout  et  al.,  2005),  i 
but  more  recently,  SS  has  been  recognized  as  poten- 
tially having  important  implications  for  the  reproduc- 
tive output  of  a population  (Livingston  et  al.,  1997; 
Trippel,  1999;  Rideout  et  al.,  2000).  Clearly,  there  is 
a negative  effect  on  egg  production  when  a proportion 
of  the  adult  fish  does  not  spawn  during  an  entire  year. 
Therefore,  failure  to  consider  females  that  skip  spawn-  } 
ing  may  lead  to  an  overestimation  of  the  actual  num- 
ber of  spawning  individuals  and  affect  calculations  of  j 
reproductive  potential  of  a stock. 

In  the  case  of  Argentine  hake,  data  collected  from 
the  primary  reproductive  area  of  the  Patagonian  stock 
reveal  the  presence  of  nonreproductive  adult  females 
during  the  spawning  season  (Macchi  et  al.,  2004;  Pa-  1 
jaro  et  al.,  2005).  Recently,  Macchi  et  al.  (2016)  re-  i 
ported  that  of  the  3 types  described  for  the  process  of 
skipped  spawning  (retaining,  reabsorbing,  and  resting) 
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Figure  7 

Egg  production  by  age  class  in  one  spawning  event,  estimated  for  female  Argentine  hake  ( Merluccius  hubbsi)  collected 
from  the  Patagonian  stock  off  Argentina  in  January  during  the  spawning  peak  of  2005-2013.  The  black  area  represents 
the  fraction  by  which  the  egg  production  was  reduced  by  females  that  would  skip  spawning,  and  the  gray  area  indicates 
the  actual  egg  production. 


Macchi  et  al.:  Effects  of  skipped  spawning  on  the  reproductive  potential  of  Merluccius  hubbsi 


405 


by  Rideout  et  al.  (2005),  only  the  resting  stage  can  be 
found  in  the  Patagonian  stock.  When  SS  was  included 
in  the  estimate  of  the  maturity  ogives  of  Argentine 
hake,  it  was  shown  that  both  L50  and  A50  were  affect- 
ed by  this  phenomenon.  After  accounting  for  skipped 
spawning  (i.e.,  considering  females  at  resting  stage 
to  be  functionally  immature  individuals),  the  size  at 
first  maturity  increased  by  2-3  cm  TL  compared  with 
values  obtained  with  the  traditional  interpretation  of 
maturity  assignment,  where  females  in  a resting  stage 
are  considered  mature  individuals.  Even  so,  most  L50 
values  estimated  with  the  revised  interpretation  for 
the  period  2005-2013  were  close  to  35  cm  TL,  which 
is  the  length  class  traditionally  used  to  differentiate 
between  juveniles  and  adults  in  commercial  catches  of 
Argentine  hake  to  define  protected  areas  for  this  spe- 
cies (Dato  et  al.4). 

In  the  case  of  age  at  first  maturity,  this  coefficient 
increased  by  0.27-0.88  years  when  the  proportion  of 
females  that  would  skip  spawning  was  incorporated. 
This  represents  an  increase  between  10%  and  25% 
over  the  value  obtained  with  the  traditional  inter- 
pretation. However,  these  differences  in  A50  were  low 
compared  with  those  reported  for  sablefish  ( Anoplopo - 
ma  fimbria)  by  Rodgveller  et  al.  (2016),  who  estimated 
an  increase  of  A50  of  approximately  30%  when  females 
that  would  skip  spawning  were  considered  to  be  func- 
tionally immature  individuals.  The  maturity  models 
for  Argentine  hake,  both  for  size  and  age,  showed  a 
decrease  of  the  slopes  when  the  SS  effect  was  includ- 
ed in  the  estimations,  indicating  that  the  age  and  size 
at  which  100%  of  individuals  reach  sexual  maturity 
are  greater  than  those  calculated  by  the  traditional 
interpretation. 

Analysis  of  the  size  and  age  structure  of  Argentine 
hake  confirms  that  nonreproductive  adult  females  are 
mainly  young  specimens  with  sizes  ranging  between  40 
and  50  cm  TL,  corresponding  primarily  with  3-year-old 
fish,  as  was  previously  reported  (Macchi  et  al.,  2016). 
The  3-year-old  age  class  constitutes  approximately 
70%  of  the  female  Argentine  hake  that  would  skip 
spawning;  therefore,  it  is  the  main  age  class  affect- 
ing the  reduction  in  egg  production.  If  the  estimates 
of  A50  (Table  3)  are  taken  into  account,  it  is  possible 
that  a large  proportion  of  females  that  have  already 
experienced  their  first  annual  spawning  could  skip  the 
next  spawning  cycle,  probably  because  of  deficiencies 
in  their  nutritional  condition  (Macchi  et  al.,  2016).  It 
is  also  possible  that  some  females  that  skip  spawning 
are  actually  juveniles  that  had  not  yet  reached  sexual 
maturity.  However,  for  the  purposes  of  estimating  L50 
or  A50,  this  error  in  determining  maturity  would  gener- 


4  Dato,  C.,  G.  Alvarez  Colombo,  and  G.  J.  Macchi.  2013.  Evalu- 
ation de  los  juveniles  y stock  desovante  de  merluza  ( Merluc- 
cius hubbsi)  en  la  zona  de  cria  norpatagonica.  Resultados 
obtenidos  en  la  campana  de  enero  de  2013  y comparacion 
con  los  resultados  del  periodo  2005-2012.  Inf.  Tec.  Of.  12,  25 
p.  [Available  from  Institute  Nacional  de  Investigacion  y De- 
sarrollo  Pesquero,  Paseo  Victoria  Ocampo  Nro.  1,  B7602HSA 
Mar  del  Plata,  Argentina] . 


ate  the  same  bias  as  SS  because  juveniles  and  adults 
in  the  resting  stage  are  both  functionally  immature.  In 
other  cases,  when  skipped  spawning  has  been  reported, 
it  has  been  observed  that  this  phenomenon  affects  pri- 
marily younger  adult  individuals,  as  in  the  case  of  At- 
lantic herring  ( Clupea  harengus;  Engelhard  and  Heino, 
2005)  and  Atlantic  cod  ( Gadus  morhua)  from  the  Arctic 
(Jorgensen  et  al.,  2006)  and  from  the  Atlantic  (Rideout 
and  Rose,  2006). 

The  L50  ogives  of  the  Patagonian  stock  of  Argen- 
tine hake  from  the  resting  period  (August)  were  more 
similar  to  those  based  on  the  previous  spawning  peak 
of  January,  when  fish  that  would  skip  spawning  were 
classified  as  mature,  than  when  fish  that  would  skip 
spawning  were  classified  as  functionally  immature. 
These  results  indicate  that  specimens  identified  as 
adults  in  January,  during  spawning,  show  the  same 
maturity  characteristics  7 months  later  (August),  when 
the  maturity  ogive  basically  differentiates  between  ju- 
veniles and  adults  at  the  resting  stage.  This  finding  re- 
inforces the  idea  that  females  that  would  skip  spawn- 
ing in  January  are  adults,  not  juveniles. 

The  difference  in  egg  production  values  by  age  class 
estimated  in  January  with  the  traditional  criterion, 
and  considering  spawning  omission,  ranged  between 
3.56%  and  12.12%  over  the  period  2005-2013.  That  is, 
if  the  objective  is  to  estimate  the  reproductive  poten- 
tial of  Argentine  hake  by  using  the  A50  ogive,  in  some 
years  there  would  be  an  overestimation  close  to  12% 
for  this  variable.  However,  when  the  egg  production 
by  length  class  during  January  is  considered  over  the 
same  period,  the  percentages  of  reductions  in  egg  pro- 
duction resulting  from  SS  were  much  lower  than  those 
estimated  from  the  age-based  model,  ranging  between 
2.70%  and  6.80%.  The  differences  between  the  length- 
and  age-based  models  in  the  percentages  of  reduction 
in  egg  production  caused  by  SS  may  be  associated  with 
the  variability  explained  by  each  model.  The  A50  model, 
which  groups  different  length  classes  in  each  age  class, 
embodies  greater  variability  than  the  maturity  rela- 
tionship with  total  length.  On  the  other  hand,  fewer 
samples  were  used  to  estimate  the  A50  curves  than  the 
number  of  samples  used  to  determine  L50  (Tables  2 and 
3)  and  consequently  would  be  expected  to  generate  a 
better  model  fit  for  length  over  age. 

The  relatively  low  levels  of  reduction  in  egg  produc- 
tion caused  by  SS  for  Argentine  hake  in  our  study  in- 
dicate that  the  effect  of  skipped  spawning  in  the  Pata- 
gonian stock  may  be  less  significant  than  that  reported 
for  other  species.  For  example,  regarding  Atlantic  cod, 
Rideout  and  Rose  (2006)  suggested  an  overestimation 
of  reproductive  potential  near  40%  if  the  proportion  of 
SS  was  not  taken  into  account.  Kennedy  et  al.  (2014) 
reported  that  failure  to  properly  interpret  the  maturity 
scale  in  Greenland  halibut  ( Reinhardtius  hippoglossoi- 
des)  could  lead  to  an  overestimation  of  spawning  stock 
biomass  between  28%  and  92%,  depending  on  areas 
and  years,  whereas  Nunez  et  al.  (2015)  calculated  an 
overestimation  of  approximately  20%  for  the  same  spe- 
cies. In  Argentine  hake,  it  seems  that  the  overestima- 
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tion  of  reproductive  potential  could  be  even  lower  than 
expected  because  in  this  species,  females  that  would 
skip  spawning  are  primarily  young  individuals.  Macchi 
et  al.  (2006,  2013)  suggested  that  young  (<5  years  old) 
female  Argentine  hake  produce  eggs  of  poorer  quality 
than  eggs  spawned  by  older  females.  In  addition,  it 
was  reported  that  the  extent  of  the  spawning  season 
in  young  females  of  this  species  is  shorter  than  that  in 
old  individuals  (>5  years  old),  and  a lower  number  of 
spawning  events  occur  during  the  reproductive  season 
(Macchi  et  al.,  2004).  Therefore,  it  is  possible  that  the 
recruitment  success  of  this  stock  depends  mainly  on 
“big,  old,  fat,  fecund  female  fish”  (BOFFFF  hypothesis, 
Berkeley  et  al.,  2004)  rather  than  on  young  spawners, 
as  was  suggested  for  many  species,  including  the  deep- 
water hake  ( Merluccius  paradoxus ) in  southern  Africa 
(Field  et  al.,  2008). 
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Abstract — A remote  underwater 
video  camera  system  was  used  to 
observe  black  sea  bass  ( Centropristis 
striata)  on  natural  bottom  habitats 
in  waters  off  Maryland.  Videos  were 
collected  from  June  to  August  2011 
at  6 hard  bottom  sites  by  deploying 
a fish  trap  equipped  with  multiple 
cameras.  Data  obtained  from  vid- 
eos included  fish  counts  and  gen- 
eral fish  behaviors  observed  around 
the  camera  system.  We  were  able  to 
distinguish  between  2 categories  of 
fish  (i.e.,  with  and  without  a nuchal 
forehead  hump)  and  among  three 
different  habitat  types  appearing 
on  videos.  Counts  of  this  species  dif- 
fered among  habitat  types  with  the 
highest  counts  occurring  on  rocky 
and  reef  habitats.  Common  behav- 
iors exhibited  by  all  fish  included 
resting  and  aggregating  on  sand  and 
around  structures,  whereas  fish  with 
nuchal  humps  exhibited  antagonistic 
and  territorial  behaviors.  On  the  ba- 
sis of  our  results,  we  conclude  that 
underwater  video  has  the  potential 
to  provide  useful  information  about 
the  abundance  and  behavior  of  black 
sea  bass  in  waters  off  the  coast  of 
Maryland. 
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Located  along  the  U.S.  Atlantic 
coast,  the  coastal  shelf  waters  of  the 
Mid-Atlantic  are  characterized  by  a 
southward  narrowing  of  shelf  width 
from  approximately  150  km  off  New 
York  to  30  km  off  Cape  Hatteras,  NC 
(Townsend  et  al.,  2006).  Dominated 
by  sand,  bottom  sediments  in  the 
Mid-Atlantic  also  include  clay,  grav- 
el, silt,  and  shell.  Bottom  habitats, 
known  as  hard  bottom  habitats  (de- 
fined by  Steimle  and  Zetlin  (2000)  as 
“multi-dimensional  hard  structured 
habitat,”)  in  Mid-Atlantic  waters,  in- 
cluding those  off  the  coast  of  Mary- 
land, consist  of  natural  reefs  com- 
prising low  relief  rocky  outcroppings, 
gravel,  boulders,  stony  and  sea  whip 
corals,  shellfish  beds,  mud,  and  peat 
deposits  (Steimle  and  Zetlin,  2000; 
Ross  et  al.,  2016).  Other  hard  bottom 
structures  include  shipwrecks,  arti- 
ficial reefs,  and  other  manmade  ob- 
jects. Although  scarce  compared  with 
soft  bottoms,  hard  bottom  habitats 
support  a variety  of  invertebrate  and 
commercially  important  fish  species, 


including  black  sea  bass  ( Centropris- 
tis striata)  (Steimle  and  Zetlin,  2000). 

In  Mid-Atlantic  waters,  the  black 
sea  bass  is  migratory  and  individu- 
als inhabit  coastal  hard  bottom  and 
reef  habitats,  often  at  depths  of  20 
m to  60  m,  during  spring  and  sum- 
mer and  offshore  shelf  waters  in 
late  autumn  and  winter  when  wa- 
ter temperatures  decline  (Moser  and 
Shepherd,  2009).  Black  sea  bass  are 
protogynous  hermaphrodites  that  are 
born  female  and  some  change  sex  to 
male  later  in  life  (Lavenda,  1949). 
During  the  spawning  season  from 
April  to  October,  mature  males  may 
develop  a blue  nuchal  hump  ante- 
rior to  the  dorsal  fin,  making  them 
distinguishable  from  females  and 
other  males  (NEFSC1).  Inshore  black 


1 NEFSC  (Northeast  Fisheries  Science 
Center).  2012.  53rd  northeast  regional 
stock  assessment  workshop  (53rd  SAW) 
assessment  report.  Northeast  Fish.  Sci. 
Cent.  Ref.  Doc.  12-05,  559  p.  [Available 

from  website.] 
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Figure  1 

Map  of  the  sampling  region  depicting  the  locations  of  6 sites  (numbered 
1-6)  off  the  coast  of  Maryland,  where  underwater  video  of  black  sea  bass 
( Centropristis  striata)  was  collected  with  a fish  trap  and  camera  system 
from  14  June  to  4 August  2011.  Overlapping  black  circles  indicate  the  posi- 
tions of  multiple  deployments  of  the  fish  trap  and  camera  system  per  site. 
The  inset  shows  the  location  of  the  sampling  region  off  Maryland  along  the 
U.S.  Atlantic  coast. 


sea  bass  are  primarily  targeted 
by  recreational  hook-and-line  and 
commercial  trap  fisheries,  and  bot- 
tom trawls  are  the  chief  gear  used 
to  harvest  fish  offshore  (Shepherd 
and  Terceiro,  1994).  Annual  spring 
bottom  trawl  surveys  conducted 
by  the  National  Marine  Fisheries 
Service  are  the  primary  source  of 
fishery  independent  data  on  abun- 
dance of  black  sea  bass  (NEFSC1). 

The  trawl  gears  used  during  these 
surveys  generally  perform  better 
on  softer  sediments  than  on  hard 
bottom  habitats  occupied  season- 
ally by  black  sea  bass  (NEFSC1; 

Ross  et  al.,  2016).  Population  esti- 
mates are  based  on  survey  indices, 
as  well  as  landings  from  commer- 
cial trap  and  recreational  hook- 
and-line  fisheries.  However,  the 
effectiveness  of  traps  and  other 
gears  to  adequately  sample  black 
sea  bass  is  poorly  understood.  The 
lack  of  data  on  abundance  of  black 
sea  bass  in  habitats  that  cannot  be 
trawled  effectively  is  a key  uncer- 
tainty in  assessment  and  manage- 
ment (NEFSC1;  Ross  et  al.,  2016). 

Therefore,  fishery-independent 
data  collected  for  black  sea  bass 
on  hard  bottom  habitats  with  al- 
ternative sampling  gears  (e.g.,  vid- 
eo, traps)  may  provide  important 
information  for  improving  both 
stock  assessments  and  manage- 
ment (NEFSC1). 

Underwater  videos,  including 
those  that  involve  remote  video 
camera  systems,  have  been  used  to 
assess  the  abundance  of  reef  fish 
(Ellis  and  DeMartini,  1995;  Har- 
vey and  Shortis,  1996;  Burge  et 
al.,  2012;  Lowry  et  al.,  2012).  Remote  camera  systems 
typically  consist  of  1 (single  video)  or  2 (stereo  video) 
analog  or  digital  video  cameras  in  a waterproof  hous- 
ing fixed  to  a metal  frame  in  a manner  that  allows  a 
vertical  or  horizontal  field-of-view  (Harvey  and  Shortis, 
1996;  Willis  and  Babcock,  2000;  Watson  et  al.,  2005; 
Cappo  et  al.,  2007;  Harvey  et  al.,  2007).  We  constructed 
and  deployed  a remote  camera  system  with  a fish  trap 
as  a base  to  collect  video  recordings  of  black  sea  bass 
in  situ,  to  identify  important  natural  bottom  habitats, 
and  to  determine  whether  or  not  male  fish  with  nuchal 
humps  could  be  distinguished  from  other  life  stages. 
Our  camera  system  included  a fish  trap  as  a base  be- 
cause a fish  trap  was  easy  to  deploy  and  haul  from 
depth  and  was  simple  to  modify  with  a metal  frame 
for  attaching  multiple  cameras.  Additionally,  it  allowed 
us  to  collect  other  information  including  recordings  of 


behavioral  responses  of  black  sea  bass  to  traps  (e.g., 
entries,  escapes)  which  could  be  used  for  further  anal- 
ysis (see  Cullen  and  Stevens,  2017).  The  underwater 
video  collected  with  the  camera  system  was  used  to  ad- 
dress the  following  objectives:  1)  to  observe  and  count 
black  sea  bass  on  natural  hard  bottom  habitats  and  2) 
to  make  observations  of  behavior  of  black  sea  bass  on 
natural  hard  bottom  habitats. 


Materials  and  methods 

Study  area  and  sampling  with  video  system 

The  study  was  conducted  in  waters  off  the  coast  of 
Maryland  (Fig.  1).  Sampling  occurred  on  10  days,  dur- 
ing the  period  from  14  June  to  4 August  2011.  With- 
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Table  1 

Average  values  of  MeanCount,  the  mean  number  of  fish  counted  in  a sample  of  frames  from  a video,  for  black  sea  bass 
( Centropristis  striata)  observed  in  the  3 classified  habitat  types  (sand,  sand+rock,  live  bottom)  in  videos  collected  from  14 
June  to  4 August  2011  at  6 sampling  sites  in  waters  off  the  coast  of  Maryland.  Values  are  given  for  2 categories:  all  black 
sea  bass  and  nuchal  black  sea  bass  (or  fish  that  were  distinguishable  from  other  individuals  by  a darker  body  coloration, 
a nuchal  hump,  and  white  fin  stripes).  Average  values  of  MeanCount,  with  95%  confidence  intervals  in  parentheses,  and 
mean  depths  (in  meters),  with  standard  deviations  (SDs)  in  parentheses,  for  all  daily  deployments  (4  per  day)  are  provided 
for  each  site  and  date. 


Site 

Date 

Depth  (SD) 

All  black  sea  bass 

Nuchal  black  sea  bass 

Sand 

Sand+rock 

Live  bottom 

Sand 

Sand+rock 

Live  bottom 

1 

14  Jun  2011 

22.1  (0.3) 

0.19  (-0.21-0.40) 

0.00  (0.00-0.00) 

0.00  (0.00-0.00) 

0.01  (-0.01-0.03) 

0.00  (0.00-0.00) 

0.00  (0.00-0.00) 

2 

16  Jun  2011 

25.9  (2.1) 

0.11  (-0.01-0.23) 

0.07  (0.00-0.00) 

0.00  (0.00-0.00) 

0.03  (0.00-0.06) 

0.02  (0.00-0.00) 

0.00  (0.00-0.00) 

3 

23  Jun  2011 

30.8  (0.5) 

0.70  (-0.25-1.65) 

0.00  (0.00-0.00) 

9.28  (8.84-9.72) 

0.43  (-0.17-1.03) 

0.00  (0.00-0.00) 

1.38  (0.87-1.89) 

2 

28  Jun  2011 

25.9  (2.6) 

0.15  (0.07-0.23) 

0.00  (0.00-0.00) 

0.00  (0.00-0.00) 

0.05  (0.00-0.10) 

0.00  (0.00-0.00) 

0.00  (0.00-0.00) 

4 

8 Jul  2011 

29.1  (2.6) 

0.00  (0.00-0.00) 

0.20  (0.00-0.00) 

12.17  (1.85-22.49) 

0.00  (0.00-0.00) 

0.08  (0.00-0.00) 

1.83  (0.43-3.23) 

4 

18  Jul  2011 

29.1  (2.5) 

0.11  (-0.10-0.32) 

4.38  (-0.93-9.69) 

0.00  (0.00-0.00) 

0.03  (-0.04-1.0) 

1.05  (0.23-1.87) 

0.00  (0.00-0.00) 

5 

20  Jul  2011 

29.7  (2.4) 

0.00  (0.00-0.00) 

1.02  (-0.07-2.11) 

0.00  (0.00-0.00) 

0.00  (0.00-0.00) 

0.11  (-0.02-0.24) 

0.00  (0.00-0.00) 

6 

26  Jul 2011 

30.4  (1.8) 

2.12  (0.00-0.00) 

3.78  (0.73-6.83) 

2.47  (0.00-0.00) 

0.00  (0.00-0.00) 

0.48  (0.46-0.50) 

0.50  (0.00-0.00) 

6 

1 Aug  2011 

30.3  (1.6) 

1.85  (1.16-2.45) 

0.00  (0.00-0.00) 

2.54  (1.48-3.60) 

0.47  (0.14-0.80) 

0.00  (0.00-0.00) 

0.35  (0.12-0.58) 

6 

4 Aug  2011 

30.1  (1.3) 

0.00  (0.00-0.00) 

8.93  (2.23-15.63) 

3.90  (0.00-0.00) 

0.00  (0.00-0.00) 

0.88  (0.32-1.44) 

0.77  (0.00-0.00) 

out  prior  knowledge  about  the  distribution  or  extent 
of  the  bottom  topography  in  the  sampling  region,  we 
consulted  with  commercial  trap  fishermen  of  black  sea 
bass  regarding  locations  where  fish  might  be  observed. 
Because  the  goal  of  this  study  was  to  use  underwater 
video  to  observe  and  count  black  sea  bass  on  natural 
habitats,  sampling  locations  were  not  selected  at  ran- 
dom. Instead,  6 hard  bottom  sites  ranging  in  depth 
from  22  to  31  m (Table  1,  Fig.  1)  were  chosen  because 
they  were  primarily  characterized  by  hard  bottom  sub- 
strates or  other  natural  structures  that  offered  the  best 
chance  to  observe  and  count  fish;  sites  were  visited  1-3 
times  during  the  study  period. 

At  each  sampling  site,  videos  were  collected  during 
daylight  hours  (0900  to  1500  Eastern  Daylight  Sav- 
ings Time)  by  using  a camera  system  that  incorporat- 
ed a rectangular  fish  trap  as  a base  (dimensions:  107 
cm  lengthx53  cm  widthx31  cm  height;  3.8-cm2  mesh, 
12-gauge  plastic  coated  wire)  (Fig.  2).  A frame  (di- 
mensions: 107  cm  lengthx53  cm  width x 86  cm  height) 
constructed  of  galvanized  and  zinc-plated  slotted  steel 
angle  was  bolted  to  15-cm  sections  of  slotted  angle  po- 
sitioned inside  the  trap  at  each  corner.  This  fixed  the 
frame  height  at  71  cm  above  the  bottom  of  the  trap 
and  38  cm  from  the  top.  Weight  was  added  to  the  trap 
(with  4 bricks  weighing  ~2.7  kg  each)  to  ensure  that 
it  landed  flat  on  the  bottom  so  that  the  frame  stood 
upright.  Five  GoPro  HD  Hero  l2  digital  video  cameras 
(720-pixel  resolution,  170°  angle  of  view)  were  bolted 
to  the  steel  frame  with  tripod  mounts,  38  cm  above 
the  top  of  the  trap.  Four  cameras  faced  outward,  one 


2 Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 


on  each  side  at  a 45°  angle  to  obtain  a standardized 
view  of  fish  and  the  bottom  habitat  near  the  trap  dur- 
ing each  deployment.  An  additional  camera  looking  j 
downward  at  a 45°  angle  over  the  top  of  the  trap  was 
mounted  to  capture  any  behavioral  responses  (e.g.,  en- 
tries, escapes)  of  black  sea  bass  to  the  trap  that  may 
have  occurred  during  each  deployment  (Cullen  and  Ste- 
vens, 2017). 

Because  hard  bottom  habitats  in  the  coastal  waters 
of  Maryland  are  patchy  and  sparsely  dispersed  among  jj 
soft  bottom  habitats  (e.g.,  sand),  we  were  concerned  1 
that  the  number  of  videos  depicting  black  sea  bass  on  \ 
these  habitats  would  be  limited.  Therefore,  to  account 
for  the  potential  spatial  variation  in  habitat  at  sam- 
pling sites  and  to  help  ensure  that  we  obtained  obser- 
vations of  fish  on  hard  bottom  habitats,  four  60-min 
continuous  deployments  of  the  video  camera  system  j 
were  made  at  a given  site  per  day  (n=10  d).  Deploy- 
ment locations  for  the  camera  system  were  based  on 
observations  from  a fish  finder  (FCV-582L;  Furuno 
Electric  Co.  Ltd.,  Nishinomiya  City,  Japan)  and  incor- 
porated a flat  bottom  area,  adjacent  to  structure.  The 
system  was  then  lowered  to  the  bottom  slowly,  from  the 
deck  of  a chartered  commercial  vessel,  with  a rope  that 
was  attached  to  a marker  buoy  and  flag  at  the  surface. 
After  1 h,  the  system  was  lifted  to  the  surface  with  a I 
hydraulic  pot-hauler.  The  vessel  was  then  moved  -200 
m to  the  north,  south,  east,  or  west  from  the  deploy- 
ment site  and  repositioned  over  new  bottom  habitat. 
The  system  was  then  dropped  down  for  the  next  video 
sample.  After  the  first  2 deployments,  the  system  was 
hauled  to  the  vessel  where  the  camera  batteries  were  j 
changed.  The  final  2 samples  of  video  were  collected 
in  the  same  manner  as  that  described  previously,  and 
with  a distance  of  -200  m between  deployment  loca- 
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Figure  2 

Diagram  of  the  camera  system  used  to  collect  video  of  black  sea  bass  ( Centro- 
pristis striata ) from  14  June  to  4 August  2011  at  6 sampling  sites  in  waters 
off  the  coast  of  Maryland.  The  system  consisted  of  a rectangular  fish  trap  as 
a base,  with  a steel  frame  equipped  with  5 GoPro  HD  Hero  1 cameras  mount- 
ed over  the  top.  Four  cameras  were  faced  outward  at  45°  angles  to  obtain  a 
standardized  view  of  fish  and  bottom  habitat  near  the  trap.  A fifth  camera 
was  faced  downward  at  a 45°  angle  over  the  top  of  the  trap  to  capture  behav- 
ioral responses  of  black  sea  bass  to  the  trap  that  may  have  occurred  during 
each  deployment  of  the  fish  trap  and  camera  system. 


tions.  Approximately  20  min  were  allowed  to  elapse 
between  each  deployment. 

With  the  intention  of  obtaining  observations  of  re- 
sponses of  black  sea  bass  to  the  trap,  we  baited  the 
trap  with  -230  g of  northern  shortfin  squid  ( Illex  il- 
lecebrosus ) during  the  first  2 deployments  per  day.  For 
these  deployments,  whole  frozen  squid  were  thawed, 
cut  into  strips,  placed  in  a plastic  mesh  bait  bag,  and 
hung  inside  the  trap  kitchen.  The  bait  bag  was  re- 
moved for  the  last  2 deployments. 

Video  analysis 

Nearly  160  h of  video  were  collected  during  the  study 
period.  Videos  used  for  analysis  were  selected  ran- 
domly. The  4 outward  facing  cameras  were  assigned  a 
number  1 to  4 and  a random  number  generator  was 
used  to  select  one  camera  for  each  sampling  date.  Al- 
though 4 cameras  were  used,  a single  video  was  chosen 
from  each  of  the  4 deployments  made  each  day  to  help 
reduce  recounts  of  fish  moving  in  and  out  of  multiple 
camera  views.  The  40  selected  videos  were  viewed  on  a 
wide-screen  monitor  with  standard  video  editing  soft- 
ware (Adobe  Premiere  Pro  CSS;  Adobe  Systems  Inc., 
San  Jose,  CA);  no  videos  were  excluded  from  analysis 
or  substituted  with  others  from  another  camera  be- 
cause all  displayed  a clear  view  of  the  bottom  habitat 


and  fish  when  present.  Video  processing  began  ~1  min 
after  the  camera  view  was  clear  of  silt  or  debris  sus- 
pended when  the  camera  system  landed  on  the  bottom. 
Habitat  appearing  on  videos  was  classified  into  3 types: 
1)  sand — smooth  or  coarse  sand  and  gravel  adjacent 
to  structure,  bivalve  shells  were  often  present  but  no 
rocks  or  boulders  (i.e.,  small  cobble  to  large  rocks;  sedi- 
ment types  were  identified  based  on  definitions  from 
Wentworth  [1922]),  2)  sand+rock — sand  with  scattered 
rocks  and  boulders  but  no  rocky  outcroppings  or  cor- 
al species  present,  and  3)  live  bottom — complex  reef 
habitats  with  boulders,  rocky  outcroppings,  and  possi- 
bly other  structures  colonized  by  gorgonian  sea  whips 
(. Leptogorgia  spp.)  and  stony  corals.  Bottom  habitats 
were  classified  as  live  bottom  because  they  were  fre- 
quently occupied  by  other  species  in  addition  to  black 
sea  bass  and  corals,  including  cunner  ( Tautogolabrus 
adspersus),  American  lobster  ( Homarus  americanus), 
and  crabs  ( Cancer  spp.).  In  video  frames  where  more 
than  sand  habitat  was  present,  the  habitat  was  clas- 
sified as  sand+rock  only  when  rocks  or  boulders  were 
present  but  no  rocky  outcroppings  or  coral  species  and 
as  live  bottom  only  when  corals  (sea  whips,  stony  cor- 
als) were  present  in  addition  to  other  species  and  habi- 
tat features. 

On  the  basis  of  the  pattern  of  counts  of  black  sea 
bass  over  time  (i.e.,  fish  counts  generally  increased  to 
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a maximum  within  the  first  5-10  min  followed  by  a 
steady  decline  in  all  videos),  we  chose  a 30-min  seg- 
ment from  each  video  for  counting  fish.  Once  the  cam- 
era view  was  clear  of  suspended  silt  and  debris,  counts 
were  made  for  2 categories  of  black  sea  bass:  all  black 
sea  bass  and  then  separately  for  those  with  a nuchal 
hump  (i.e.,  fish  that  were  distinguishable  from  other 
individuals  by  their  darker  body  coloration,  a nuchal 
hump  with  the  usual  blue  color  appearing  grayish- 
white  on  the  videos,  and  white  fin  stripes;  hereafter 
referred  to  as  nuchal  black  sea  bass ) from  each  video 
using  a variable  called  MeanCount,  which  is  an  alter- 
native counting  metric  to  others  commonly  reported  in 
the  literature  (e.g.,  MaxN;  maximum  number  of  indi- 
viduals of  a particular  species  present  at  one  time  in 
any  single  point  on  the  video)  (Schobernd  et  al.,  2014; 
Bacheler  and  Shertzer,  2015).  MeanCount  is  the  mean 
number  of  fish  counted  in  a sample  of  frames  from  a 
video  (Schobernd  et  al.,  2014).  In  this  case,  60  single 
frames  were  sampled  systematically,  one  every  30  s for 
30  min  of  videotaping.  Counts  from  the  sampled  frames 
were  then  averaged  to  obtain  values  of  MeanCount.  We 
chose  MeanCount  because,  unlike  MaxN,  it  has  been 
shown  by  Schobernd  et  al.  (2014)  to  be  relatively  un- 
biased and  linearly  related  to  true  abundance  but  has 
similar  variation  to  that  of  MaxN. 

Fish  behavior  during  the  selected  30  min  of  a video 
was  evaluated  by  noting  (in  minutes)  the  time  of  first 
arrival  (TFA)  of  fish  within  the  camera  view  followed 
by  general  observations  of  behavior  around  the  cam- 
era system.  TFA  was  included  as  a behavioral  measure 
to  examine  whether  faster  arrival  times  to  the  camera 
view  could  be  related  to  greater  densities  of  fish  in  the 
surrounding  area.  Additionally,  we  wanted  to  deter- 
mine whether  the  presence  of  bait  in  the  trap  would 
result  in  fish  appearing  on  cameras  earlier  than  when 
bait  was  not  present  in  the  trap.  Swimming,  resting, 
and  habitat-associating  behaviors  were  recorded  by  se- 
lecting individual  fish  within  the  camera  field-of-view. 
Swimming  fish  were  followed  until  they  left  the  camera 
view;  no  more  than  3 fish  were  followed  at  any  one 
time.  Resting  and  habitat-associating  behaviors  were 
recorded  if,  or  when,  a swimming  fish  stopped  to  rest 
on  the  bottom  or  near  structures  such  as  rocky  outcrop- 
pings or  boulders.  These  behaviors  were  also  noted  for 
fish  already  resting  on  the  bottom  when  the  camera 
frame  landed.  Aggregating  behaviors  were  documented 
for  fish  resting  on  the  bottom  in  groups  of  2 or  more, 
and  antagonistic  behaviors  were  noted  only  when  nu- 
chal males  were  observed  chasing  smaller  non-nuchal 
fish. 

Responses  to  the  trap,  including  entries  through  the 
entrance  funnel,  half  entries  (entering  the  entrance 
funnel  but  backing  out),  and  exits  (exiting  the  trap 
through  the  entrance  funnel  or  through  one  of  the  es- 
cape vents  in  the  parlor)  were  noted  on  videos  captured 
by  the  camera  facing  downward  over  the  top  of  the  trap 
for  each  deployment  (Fig.  2).  These  data  were  collected 
on  9 of  the  10  sampling  days  and  were  used  to  examine 
the  influence  of  trap  soak  time  on  catches  of  black  sea 


bass  in  fish  traps  in  a complementary  manuscript  (i.e., 
Cullen  and  Stevens,  2017). 

Data  analysis 

We  tested  for  differences  in  MeanCount  among  the  3 
classified  habitat  types.  Because  MeanCount  is  a con- 
tinuous variable  and  repeated  deployments  were  made 
at  a site  on  each  sampling  day,  we  used  linear  mixed- 
effects  models  to  test  for  differences  in  MeanCount  for 
the  categories  of  all  black  sea  bass  and  nuchal  black 
sea  bass  separately  among  the  3 classified  habitat 
types  (sand,  sand+rock,  live  bottom).  Linear  mixed- 
effects  models  can  be  used  as  alternatives  to  methods 
of  repeated-measures  analysis  of  variance  (AN OVA) 
when  data  are  unbalanced,  and  they  allow  modeling 
of  covariance  structures  (Pinheiro  and  Bates,  2000).  In 
our  models,  habitat  type  was  treated  as  a fixed  effect; 
however  because  of  limited  knowledge  of  bottom  types 
at  sampling  sites,  equal  replication  of  habitats  across 
video  deployments  was  not  possible  a priori.  Bait 
method  (i.e.,  baited  trap,  unbaited  trap)  was  dummy 
coded  (i.e.,  the  categorical  variable  bait  method  was 
converted  to  a continuous  variable  by  assigning  values 
of  0 for  baited  trap  deployments  and  values  of  1 for 
unbaited  trap  deployments)  and  the  continuous  vari- 
able was  included  as  a covariate  in  the  models  to  con- 
trol for  its  possible  influence  on  values  of  MeanCount.  ! 
Sampling  site  was  treated  as  a random  effect  because  i 
consecutive  camera  system  deployments  provided 
multiple,  non-independent  samples  per  site  (Zurr  et 
al.,  2009).  This  method,  which  was  equal  to  fitting  a 
model  with  a compound  symmetrical  correlation  struc- 
ture, provided  a random  intercept  term  for  each  site, 
and  allowed  the  variance  in  values  of  MeanCount 
within  sites  to  be  separated  from  the  residual  vari- 
ance (Pinheiro  and  Bates,  2000).  Linear  mixed-effects 
models  with  MeanCount  as  the  response  variable  were 
fitted  by  using  the  nlme  package,  vers.  3.1-129  (Pin-  j 
heiro  et  al.,  2017)  in  the  R statistical  environment, 
vers.  3.3.2  (R  Core  Team,  2016).  MeanCount  data  were 
checked  for  normality  and  variance  homogeneity  and 
log-transformed  (by  taking  a natural  logarithm  of  the 
variable+1;  i.e.,  \oge[MeanCount+l],  1 was  added  to  ' 
MeanCount  because  the  data  contained  some  0 values) 
before  analysis  to  help  meet  the  assumptions  of  the  : 
linear  mixed-effects  models.  Corrected  Akaike  infor- 
mation criterion  (AICc),  which  is  recommended  for 
small  sample  sizes  (Burnham  and  Anderson,  2002) 
was  used  to  compare  3 model  types:  models  with  ran- 
dom effect  for  site,  models  without  the  random  effect 
for  site,  and  weighted  models  with  the  random  effect 
for  site.  The  latter  models  were  weighted  by  using  a 
constant  variance  function  (i.e.,  weights  produced  with 
the  varldent  function  in  the  nlme  package)  to  cor- 
rect for  heteroscedasticity  or  different  variances  for 
MeanCount  data  among  habitat  types  (Pinheiro  et 
al.,  2017).  The  constant  variance  function  in  weighted  j 
models  allowed  the  variance  to  differ  for  each  level  of  j 
habitat  type. 
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Table  2 

Results  from  analysis  of  variance  for  the  best  linear  mixed-effects  (LME)  models, 
determined  by  using  the  corrected  Akaike  information  criterion.  These  results  were 
used  to  compare  the  influence  of  habitat  type  (sand,  sand+rock,  live  bottom)  on  val- 
ues of  the  counting  metric  MeanCount  for  black  sea  bass  ( Centropristis  striata ) ob- 
served on  videos  collected  from  14  June  to  4 August  2011  at  6 sampling  sites  in 
waters  off  the  coast  of  Maryland.  Results  are  given  for  2 categories:  all  black  sea 
bass  and  nuchal  black  sea  bass  (the  latter  fish  were  distinguishable  from  other  in- 
dividuals by  a darker  body  coloration,  a nuchal  hump,  and  white  fin  stripes).  The 
standard  error  (SE)  for  the  random  effects  represents  the  variance  for  each  sampling 
site  around  the  common  intercept.  MeanCount  data  were  log  transformed  (by  taking 
a natural  logarithm  of  the  variable+1;  i.e.,  \oge[MeanCount+l])  before  analysis  to 
help  meet  the  assumptions  of  the  LME  models.  ICC=interclass  correlation  coefficient, 
which  represents  the  correlation  of  observations  from  the  same  sampling  site. 


Category 

Parameter 

df 

F-value 

P-value 

All  black  sea  bass 

Intercept 

1,31 

17.658 

<0.001 

Habitat  type 

2,31 

22.364 

<0.001 

Bait  method 

1,31 

1.318 

>0.05 

Random  effects 

SE 

0.142 

Residuals 

Variance 

0.028 

ICC 

0.838 

Nuchal  black  sea  bass 

Intercept 

1,31 

17.447 

<0.001 

Habitat  type 

2,31 

17.973 

<0.001 

Bait  method 

1,31 

0.805 

>0.05 

Random  effects 

SE 

0.015 

Residuals 

Variance 

0.017 

ICC 

0.469 

All  models  were  first  fitted  with  maximum  likeli- 
hood estimation  and  compared  with  AICc  by  using  the 
AICcmodavg  package,  vers.  2.0-3  (Mazerolle,  2016)  in 
R.  The  AICc  best  models  were  refitted  with  restricted 
maximum  likelihood,  which  estimates  the  variance 
components  separately  from  the  fixed  effects,  thereby 
providing  unbiased  estimates  for  the  variance  compo- 
nents (Zurr  et  al.,  2009).  ANOVA,  with  type-II  sums  of 
squares  for  unbalanced  data,  was  used  to  extract  F- 
values  and  Wald  test  P-values  for  the  fixed  effect  habi- 
tat type.  Normal  quantile-quantile  plots,  box  plots,  and 
scatter  plots  of  the  residuals  were  examined  for  model 
validation.  Tukey’s  honestly  significant  difference  tests, 
with  P-values  adjusted  by  using  a Bonferroni  correc- 
tion, were  conducted  for  multiple  comparisons  if  the 
ANOVA  indicated  a significant  difference  in  values  of 
MeanCount  between  habitat  types  for  either  category 
of  black  sea  bass.  Results  were  obtained  by  using  the 
multcomp  package,  vers.  1.4-6  in  R,  which  provides 
multiple  comparisons  tests  for  linear  mixed-effects 
models  (Torsten  et  al.,  2008). 

Additional  analyses  included  Spearman’s  rank  cor- 
relation analysis  to  examine  the  relationship  between 
MeanCount  for  nuchal  and  non-nuchal  black  sea  bass 
(without  nuchal  humps)  and  between  MeanCount  and 
TFA  for  both  categories  of  black  sea  bass  with  deploy- 
ments as  samples  (n=4Q).  Further,  separate  correla- 
tions were  calculated  between  MeanCount  and  TFA  for 
both  categories  of  black  sea  bass  for  deployments  with 


bait  {n= 20)  in  the  trap  and  without  (rc=20).  Correla- 
tions were  obtained  by  using  the  stats  package  in  R (R 
Core  Team). 


Results 

Habitat  appearing  in  the  camera  view  during  deploy- 
ments (n=40)  consisted  primarily  of  smooth  and  coarse 
sand,  rock,  corals  (i.e.,  sea  whips,  stony  corals),  and 
shell.  In  total,  19  (47.5%)  deployments  were  made  in 
sand,  13  (32.5%)  in  sand+rock,  and  8 (20.0%)  in  live 
bottom  habitats.  In  general,  values  of  MeanCount  were 
greatest  in  the  first  5-10  min  of  video  followed  by  a 
variable  decline.  Values  of  MeanCount  varied  by  site 
and  date  and  were  highest  for  both  categories  of  black 
sea  bass  in  sand+rock  and  live  bottom  habitats  (Table 
1).  The  proportion  of  nuchal  black  sea  bass  observed  in 
the  3 classified  habitats  were  31.2%  in  sand,  15.1%  in 
sand+rock,  and  18.2%  in  live  bottom.  A total  of  9 black 
sea  bass,  of  which  5 had  nuchal  humps,  were  caught  in 
the  trap,  6 during  baited  trap  deployments  and  3 dur- 
ing unbaited  trap  deployments. 

Weighted  linear  mixed-effects  models  (i.e.,  with  the 
random  effect  for  sampling  site)  that  included  a con- 
stant variance  function  that  allowed  the  variance  to 
differ  for  each  level  of  habitat  type  were  identified  by 
AICc  as  the  best  models  for  the  categories  of  all  black 
sea  bass  and  nuchal  black  sea  bass.  The  variance  for 
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Figure  3 

Average  values  of  MeanCount,  the  mean  number  of  fish  counted  in 
a sample  of  frames  from  a video,  for  black  sea  bass  ( Centropristis 
striata)  observed  in  the  3 classified  habitat  types  (sand,  sand+rock, 
live  bottom)  on  videos  collected  from  14  June  to  4 August  2011  at  6 
sampling  sites  in  waters  off  the  coast  of  Maryland.  Average  values 
are  given  for  2 categories:  all  black  sea  bass  and  nuchal  black  sea 
bass,  (the  latter  fish  were  distinguishable  from  other  individuals  by 
a darker  body  coloration,  a nuchal  hump,  and  white  fin  stripes).  The 
error  bars  indicate  the  95%  confidence  intervals. 


the  residuals  and  the  standard  error  (SE) 
of  the  random  effects  around  the  popula- 
tion intercept  were  relatively  small  for  each 
model  (Table  2).  However,  intraclass  cor- 
relation coefficients  (ICC= [Intercept  SE]/ 

[Intercept  SE+Residual  variance];  Zurr 
et  al.,  2009)  were  fairly  high,  indicating 
moderate  to  strong  correlations  between 
MeanCount  observations  from  the  same 
sampling  sites.  On  average,  untransformed 
values  of  MeanCount  and  their  associated 
variances  (all  black  sea  bass,  sand=0.51, 
sand+rock=19.21,  live  bottom=27.07;  nuchal 
black  sea  bass,  sand=0.05,  sand+rock=0.25, 
live  bottom=0.57)  were  greatest  in  live  bot- 
tom habitats  (Fig.  3).  Log-transformed  val- 
ues of  MeanCount  were  significantly  dif- 
ferent between  habitat  types  for  both  cat- 
egories of  black  sea  bass  (Table  2;  Fig.  3); 
bait  method  was  not  significant  (P> 0.05). 

Results  from  pairwise  Tukey’s  honestly  sig- 
nificant difference  tests  with  a Bonferroni 
correction  indicated  that  log-transformed 
values  of  MeanCount  differed  significantly 
between  sand  and  sand+rock  habitats  (all 
black  sea  bass,  P=0.0Q4;  nuchal  black  sea 
bass,  P=0.016)  and  between  sand  and  live 
bottom  habitats  (all  black  sea  bass,  P=0.003; 
nuchal  black  sea  bass,  P=0.002)  but  not  be- 
tween sand+rock  and  live  bottom  habitats 
(P>0.05). 

Results  of  Spearman’s  rank  correlation 
analysis  indicated  that  values  of  Mean- 
Count  for  nuchal  black  sea  bass  were  significant 
and  positively  correlated  with  those  for  non-nuchal 
black  sea  bass  (p=0.829,  P<0.001).  Time  of  first  ar- 
rival, ranging  from  0.5  to  27.5  min,  was  latest  in 
sand  habitats  and  earliest  in  live  bottom  habitats  for 
both  categories  of  black  sea  bass.  The  range  of  TFA 
was  0.5-21.5  min  for  baited  trap  deployments,  with 
a mean  of  2.9  min  (95%  confidence  interval  [Cl]:  1.7- 
5.1),  and  0.5-27.5  min  for  unbaited  trap  deployments, 
with  a mean  of  3.8  min  (95%  Cl:  0.8-6. 8).  MeanCount 
was  significantly  and  negatively  correlated  with  TFA 
for  all  black  sea  bass  (p=  -0.397,  P=0.011)  but  not 
for  nuchal  black  sea  bass  (P>0.05).  Black  sea  bass 
also  arrived  earliest  in  live  bottom  habitats  and  lat- 
est in  sand  habitats  when  the  trap  was  baited.  Mean 
TFA  was  3.4  min  (95%  Cl:  -0.3-7. 1)  in  sand,  2.7  min 
(95%  Cl:  -0.2-5. 6)  in  sand+rock,  and  0.5  min  (95%  Cl: 
0. 0-0.0)  in  live  bottom  and  8.6  min  (95%  Cl:  2.2-15.0) 
in  sand,  0.6  min  (95%  Cl:  0.4-0. 8)  in  sand+rock,  and 
0.5  min  (95%  Cl:  0. 0-0.0)  in  live  bottom  for  baited 
and  unbaited  trap  deployments,  respectively.  TFA  was 
significantly  and  negatively  correlated  with  Mean- 
Count  for  the  category  of  all  black  sea  bass  during 
baited  trap  deployments  (p=-0.738,  P<0.001)  but  not 
for  unbaited  trap  deployments  or  for  nuchal  black  sea 
bass  for  either  baited  or  unbaited  trap  deployments 
(P>0.05). 


It  was  clear  from  processing  videos  that  general  be- 
haviors observed  around  the  camera  system  depended 
on  the  type  of  habitat  in  the  camera  view  regardless  of 
whether  bait  was  present  in  the  trap  or  not.  On  sand 
habitats,  fish  swam  past  quickly  or  entered  the  view 
slowly  by  moving  short  distances  of  1 m or  so  before  stop- 
ping and  resting  on  the  bottom;  some  fish  would  lie  on 
the  bottom  without  moving  for  up  to  10  min  or  more.  In- 
frequently, antagonistic  behaviors  were  observed  when 
large  nuchal  males  chased  smaller  fish  out  of  the  camera 
view.  Fish  also  aggregated  when  nuchal  and  non-nuchal 
fish  would  lie  next  to  each  other  in  groups  of  2 or  more. 
Other  behaviors  included  nipping  at  the  sediment  and 
‘back  rubbing’  when  fish  turned  over  and  rubbed  their 
dorsal  surface  or  head  on  the  sand.  On  structured  (e.g., 
rocks,  boulders)  and  live  bottom  habitats,  fish  were  gen- 
erally present  when  the  camera  system  landed  on  the 
bottom.  Occasionally  black  sea  bass  approached  the 
camera  system,  however  they  spent  the  majority  of  the 
time  swimming  around  and  above  structures  or  rest- 
ing on  the  bottom  next  to  or  under  rocks  and  in  holes 
or  crevices  of  outcroppings.  Approximately  20-30%  of 
the  behaviors  displayed  by  nuchal  black  sea  bass  were 
antagonistic  and  territorial.  For  example,  in  one  case,  a 
large  nuchal  male  continuously  returned  to  and  swam 
around  the  same  rocky  outcropping  after  repeatedly 
chasing  other  nuchal  and  non-nuchal  fish  away. 


Cullen  and  Stevens:  Underwater  video  recordings  of  Centropristis  striata  in  waters  off  Maryland 
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Discussion 

We  used  our  analysis  of  video  collected  with  a remote 
underwater  camera  system  to  observe  and  count  black 
sea  bass,  examine  behavior,  and  distinguish  between 
life  stages  (i.e.,  black  sea  bass  with  and  without  nu- 
chal humps)  and  bottom  types.  Our  camera  system 
allowed  a comparison  of  values  of  MeanCount  among 
sand,  sand+rock,  and  live  bottom  habitats,  as  well  as 
an  examination  of  behavioral  responses  to  fish  traps. 
We  found  values  of  MeanCount  to  be  significantly 
higher  in  live  bottom  and  sand+rock  habitats  than  in 
sand  habitats.  An  important  aspect  of  this  study  was 
that  we  were  able  to  observe  and  discriminate  between 
nuchal  and  non-nuchal  black  sea  bass.  Values  of  Mean- 
Count  for  nuchal  black  sea  bass  were  positively  corre- 
lated with  those  for  non-nuchal  black  sea  bass,  which 
may  be  an  indication  that  greater  numbers  of  male  fish 
were  present  when  densities  of  black  sea  bass  were 
higher.  However,  a method  to  identify  individual  fish 
would  be  necessary  to  avoid  recounts  in  order  to  verify 
whether  values  of  MeanCount  are  an  adequate  index 
for  the  number  of  mature  males  available  for  spawn- 
ing on  different  habitats.  For  most  deployments,  bottom 
types  and  black  sea  bass  were  relatively  easy  to  ob- 
serve despite  variability  among  sites  in  factors  such  as 
water  depth,  turbidity,  and  cloud  cover  that  resulted  in 
reduced  visibility  around  the  camera  system.  On  most 
days  (7  of  10),  bottom  visibility  was  -10  m or  more  but 
on  others  it  was  as  little  as  -5-6  m.  Low  visibility  as  a 
factor  limiting  the  quality  of  videos  has  been  reported 
in  other  studies  using  an  underwater  video  technique 
as  a sampling  method  (Pratt  et  al.,  2005;  Bacheler  et 
al.,  2014).  For  example,  in  the  south  Atlantic,  Bacheler 
et  al.  (2014)  examined  the  influence  of  environmental 
factors  and  habitat  features  on  trap  and  video  detec- 
tion probabilities  for  reef  fish  and  found  that  black 
sea  bass  and  2 other  species  were  more  likely  to  be 
observed  on  videos  as  water  clarity  increased.  In  our 
study,  sampling  was  conducted  during  daylight  hours 
to  help  ensure  that  natural  bottom  lighting  was  ade- 
quate. The  use  of  artificial  lighting  may  have  increased 
visibility  during  periods  of  low  light  (-30%  of  videos  in 
our  study);  however,  our  camera  system  did  not  include 
lights  because  it  was  not  known  if  or  how  lights  would 
affect  fish  behavior. 

Habitat  type  was  the  most  significant  factor  for  ob- 
serving black  sea  bass.  This  result  was  not  surprising 
given  the  species  strong  affinity  for  structurally  com- 
plex habitats  during  their  inshore  residency.  Ross  et 
al.  (2016)  examined  fish  communities  on  soft,  natural 
hard,  and  shipwreck  habitats  near  Norfolk  Canyon,  off 
the  coast  of  Virginia,  and  observed  black  sea  bass  on 
both  soft  and  hard  bottom  habitats  although  they  were 
found  primarily  on  the  latter.  Despite  fish  being  ob- 
served on  soft  bottoms,  Ross  et  al.  (2016)  noted  that, 
like  other  dominant  hard  bottom  species,  they  were 
generally  not  observed  far  from  reef  structures.  In  an- 
other study,  Fabrizio  et  al.  (2013)  examined  habitat  as- 
sociations and  dispersal  of  black  sea  bass  with  acous- 


tic telemetry  at  a temperate  reef  off  the  coast  of  New 
Jersey  and  found  that  throughout  the  summer  and  fall 
fish  primarily  used  shallow  areas  (depths  <27  m)  with 
coarse  grain  materials.  Similarly,  we  observed  the  ma- 
jority of  black  sea  bass  on  hard  and  rocky  bottoms  at 
depths  from  19  to  31  m.  Conversely,  despite  the  lack  of 
bottom  structure,  we  did  observe  fish  on  sand  habitats, 
possibly  because  fish  were  attracted  to  the  camera  sys- 
tem as  an  additional  or  novel  source  of  habitat  because 
black  sea  bass  are  regularly  caught  by  the  commercial 
fishery  using  unbaited  traps  (Shepherd  et  al.,  2002). 
Another  reason  for  this  finding  may  be  related  to  feed- 
ing activities.  Steimle  and  Figley  (1996)  examined  diets 
of  black  sea  bass  in  coastal  waters  off  New  Jersey  and 
found  that  sandy  bottom  areas  adjacent  to  artificial 
reefs  were  very  important  for  feeding.  They  concluded 
that  much  of  the  diet  of  black  sea  bass  consists  of  prey 
items  that  are  not  closely  affiliated  with  reef  structure. 
Lastly,  the  high  percentage  of  nuchal  males  that  we  ob- 
served on  sand  habitats  may  be  related  to  movements 
between  adjacent  hard  bottom  sites  (Bacheler  and  Bal- 
lenger,  2015).  Fabrizio  et  al.  (2013)  reported  on  the  dis- 
persal of  black  sea  bass  from  a reef  off  the  coast  of 
New  Jersey  and  found  that  fish,  mostly  nuchal  males, 
began  to  leave  the  site  in  early  summer,  possibly  for 
other  reef  areas. 

Arrival  time  at  a camera  system  may  be  related 
to  densities  of  fish  in  the  surrounding  area.  Ellis  and 
DeMartini  (1995),  Willis  and  Babcock  (2000),  and  Ston- 
er et  al.  (2008)  compared  the  TFA  of  fish  species  in  the 
camera  view  with  their  metric  for  relative  abundance 
and  found  moderate  to  strong  negative  correlations  be- 
tween the  2 metrics.  In  our  study,  TFA  was  moderately 
correlated  with  MeanCount  for  all  black  sea  bass — a 
finding  that  is  in  agreement  with  results  from  Ellis 
and  DeMartini  (1995)  and  Willis  and  Babcock  (2000) 
and  suggests  that  faster  arrival  times  for  black  sea 
bass  are  likely  due  to  higher  densities  of  fish  in  the 
area.  This  was  the  case  in  our  study  with  fish  appear- 
ing on  cameras  earlier  for  videos  collected  in  live  bot- 
tom and  sand+rock  habitats.  Fish  also  arrived  earlier 
in  sand  habitats  when  the  trap  was  baited. 

Compared  with  other  serranids  that  have  been  re- 
ported to  primarily  use  their  caudal  fin  while  swim- 
ming (Fulton,  2007),  the  main  swimming  mode  of  black 
sea  bass  appeared  to  involve  the  use  of  both  the  caudal 
and  pectoral  fins  for  propulsion.  In  all  habitats,  black 
sea  bass  swam  both  with  and  against  the  current,  al- 
though fish  were  often  observed  swimming  close  to  the 
bottom  and  stopping  or  resting  next  to  rocks  or  in  the 
crevices  of  outcroppings  when  the  current  appeared 
to  be  particularly  strong.  Resting  by  black  sea  bass 
may  be  a type  of  station-holding  behavior  where  fish 
use  substrates  as  a refuge  from  flow  at  higher  current 
speeds  (Gerstner,  1998).  In  high-current  flows,  black 
sea  bass  might  seek  refuge  next  to  or  between  bot- 
tom structures — a strategy  that  could  possibly  reduce 
the  number  observed  on  videos  although  this  may  not 
be  the  case  because  Bacheler  et  al.  (2014)  found  that 
the  likelihood  of  observing  black  sea  bass  on  videos 
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increased,  although  only  marginally,  from  low  to  high 
relief  habitats  in  their  study.  Additionally,  guarding 
territory  was  a behavior  exhibited  by  nuchal  black  sea 
bass  around  rocky  outcroppings  and  may  be  an  indica- 
tion that  outcroppings,  along  with  other  structures,  are 
important  for  activities  such  as  spawning  (Fabrizio  et 
al.,  2013). 

There  was  one  key  limitation  to  our  sampling  ap- 
proach, which  involved  the  use  of  bait  only  during  the 
first  2 deployments  on  each  sampling  day.  It  is  possible 
that  the  bait  may  have  attracted  black  sea  bass  to  the 
area,  where  they  remained  for  some  time  afterward, 
and  may  have  resulted  in  recounts  on  videos  from  sub- 
sequent deployments  despite  the  -200  m distance  be- 
tween each  deployment.  Additionally,  the  re-use  of  bait 
after  the  first  baited  drop  may  have  reduced  its  quality 
and  ability  to  produce  an  adequate  odor  plume  for  at- 
tracting fish  to  the  trap.  Nevertheless,  the  earlier  TFA 
of  fish  to  the  camera  system,  as  well  as  higher  trap  en- 
tries and  catches  when  the  trap  was  baited  compared 
with  the  period  when  it  was  unbaited  (Cullen  and  Ste- 
vens, 2017),  may  be  an  indication  that  bait  would  im- 
prove underwater  video  sampling  for  black  sea  bass.  Be- 
cause of  the  high  variability  in  deployment  locations  in 
relation  to  habitat  structure  at  each  site  and  the  small 
sample  size  (n= 20  deployments  with  bait,  n=20  without 
bait),  a statistically  significant  result  for  bait  method 
was  not  found;  a power  analysis  (power=0.8)  indicated 
that,  when  the  trap  was  either  baited  or  unbaited,  only 
a 200%  change  in  MeanCount  could  be  detected  with  a 
2-tailed  test  for  our  sample  size.  Exploratory  plots  of 
MeanCount  for  baited  and  unbaited  trap  deployments 
and  for  bait  methods  (i.e.,  baited,  unbaited)  within  each 
habitat  type  provided  no  indication  that  the  use  of  bait 
resulted  in  higher  counts.  However,  we  believe  that  the 
influence  of  bait  on  video  counts  of  black  sea  bass  in 
coastal  waters  off  Maryland  and  the  Mid-Atlantic  coast 
should  be  investigated  once  a method  is  developed  for 
identifying  habitats  before  sampling.  We  recommend 
that  samples  be  collected  over  a greater  temporal  and 
spatial  scale  with  a paired  design  with  equal  replica- 
tion of  habitat  types  across  deployments.  Unbaited  de- 
ployments should  be  conducted  first,  followed  by  baited 
deployments  with  fresh  bait  to  ensure  independence  of 
samples  and  bait  quality  (Harvey  et  al.,  2007;  Bernard 
and  Gotz,  2012).  Further,  a stand-alone  camera  system 
with  a clear  view  of  the  bait  should  be  used  in  place 
of  a baited  trap  (Harvey  et  al.,  2007).  Lastly,  because 
fish  and  crustaceans  have  been  shown  to  be  the  most 
important  components  of  diets  of  black  sea  bass  (Byron 
and  Link,  2010),  the  use  of  an  oily  fish  such  as  Atlan- 
tic menhaden  ( Brevoortia  tyrannus ) (Wells  et  al.,  2008; 
Bacheler  et  al.,  2013)  or  crushed  crabs  ( Cancer  spp.) 
may  be  more  effective  at  attracting  black  sea  bass  to 
the  camera  system. 

Our  results  indicate  that  underwater  video  has  the 
potential  to  provide  information  on  the  abundance  of 
black  sea  bass  during  their  inshore  residency  on  hard 
bottom  habitats.  However,  we  suggest  that  changes 
be  made  to  the  sampling  method  to  help  reduce  vari- 


ability in  abundance  estimates.  Despite  the  efforts  of 
the  captain  to  position  the  vessel  directly  over  bottom 
structure,  it  was  not  possible  to  determine  where  the 
camera  system  landed  in  relation  to  structure  after 
it  was  deployed.  The  high  variation  between  succes- 
sive deployments  in  relation  to  habitat  appearing  in 
the  camera  field-of-view  resulted  in  less  samples  in 
sand+rock  and  live  bottom  habitats  than  in  sand  habi- 
tats. We  suggest,  on  the  basis  of  the  higher  values  of 
MeanCount  for  both  categories  of  black  sea  bass  ob- 
served for  sand+rock  and  live  bottom  habitats  than  in 
sand  habitats,  that  efforts  to  reduce  the  inconsistency 
related  to  deployment  locations  should  include  the  use 
of  a sampling  scheme  with  sites  stratified  by  habitat 
type.  Methods  to  identify  habitats  before  sampling  may 
include  the  use  of  a remotely  operated  vehicle  or  cam- 
era sled  (Harvey  et  al.,  2007).  Scuba  divers  may  also 
be  used  to  identify  suitable  locations  for  deployment 
and  arrange  the  system  so  that  the  camera(s)  has  a 
sufficient  view  of  the  reef  or  other  habitat  (Burge  et 
al.,  2012).  Further,  a system  with  live  video  feed  to  the 
surface  would  allow  a view  of  deployment  locations 
where  the  investigator  could  make  adjustments  to  the 
position  of  the  vehicle  or  camera  system  if  necessary 
(Stoner  et  al.,  2008). 
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Abstract— Red  grouper  ( Epineph - 
elus  morio)  modify  their  habitat  by 
excavating  sediment  to  expose  rocky 
pits,  providing  structurally  complex 
habitat  for  many  fish  species.  Sur- 
veys conducted  with  remotely  op- 
erated vehicles  from  2012  through 
2015  were  used  to  characterize  fish 
assemblages  associated  with  grouper 
pits  at  Pulley  Ridge,  a mesophotic 
coral  ecosystem  and  habitat  area 
of  particular  concern  in  the  Gulf 
of  Mexico,  and  to  examine  whether 
invasive  species  of  lionfish  ( Pterois 
spp.)  have  had  an  effect  on  these  as- 
semblages. Overall,  208  grouper  pits 
were  examined,  and  66  fish  species 
were  associated  with  them.  Fish  as- 
semblages were  compared  by  using 
several  factors  but  were  considered 
to  be  significantly  different  only  on 
the  basis  of  the  presence  or  absence 
of  predator  species  in  their  pit  (no 
predators,  lionfish  only,  red  grou- 
per only,  or  both  lionfish  and  red 
grouper).  The  data  do  not  indicate  a 
negative  effect  from  lionfish.  Abun- 
dances of  most  species  were  higher 
in  grouper  pits  that  had  lionfish, 
and  species  diversity  was  higher  in 
grouper  pits  with  a predator  (lion- 
fish, red  grouper,  or  both).  These  re- 
sults may  indicate  that  grouper  pits 
are  a favorable  habitat  for  both  lion- 
fish and  native  fish  species  or  that 
the  presence  of  lionfish  is  too  recent 
to  have  caused  changes  to  fish  com- 
munity structure. 
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The  red  grouper  ( Epinephelus  morio ) 
has  been  harvested  in  the  United 
States  since  the  1880s  and  is  cur- 
rently the  most  common  grouper  spe- 
cies landed  in  both  commercial  and 
recreational  fisheries  of  the  Gulf  of 
Mexico  (Fisheries  Statistics  Division, 
National  Marine  Fisheries  Service, 
Annual  Commercial  Landing  Statis- 
tics, website,  and  Saltwater  Recre- 
ational Data  and  Statistics,  website). 
Like  other  grouper  species,  the  red 
grouper  is  a slow  growing,  late  ma- 
turing, relatively  stationary,  and  long 
lived  fish  (Moe1;  Jory  and  Iversen2). 
Adult  red  grouper  inhabit  the  deeper 


1 Moe,  M.  A.,  Jr.  1969.  Biology  of  the 
red  grouper  Epinephelus  morio  (Valen- 
ciennes) from  the  eastern  Gulf  of  Mex- 
ico. Fla.  Dep.  Nat.  Resour.  Mar.  Res. 
Lab.  Prof.  Pap.  Ser.  10,  95  p. 

2 Jory,  D.  E.,  and  E.  S.  Iversen.  1989. 
Species  profiles:  life  histories  and  en- 
vironmental requirements  of  coastal 
fishes  and  invertebrates  (South  Flori- 
da)— black,  red,  and  Nassau  groupers, 
21  p.  U.S.  Fish  Wildl.  Serv.  Biol.  Rep. 
82(11.110).  U.S.  Army  Corps  Eng.,  TR 
EL-82-4.  [Available  from  website.] 


waters  (>70  m)  of  the  shelf  edge  and 
have  been  known  to  modify  their 
habitat  by  excavating  sediment  to 
expose  rocky  depressions  (or  pits)  on 
the  seafloor  in  areas  where  vertical 
relief  is  not  already  present  (Cole- 
man et  ah,  2010).  Red  grouper  use 
these  pits  as  their  home  territories 
(Scanlon  et  al.,  2005).  These  exca- 
vations increase  the  architectural 
complexity  of  the  habitat,  attract- 
ing many  reef-associated  species  and 
providing  shelter  for  juveniles  of 
some  economically  important  species 
and,  thereby,  increasing  biodiversity 
(Coleman  et  al.,  2010).  By  excavat- 
ing the  sediments,  red  grouper  act  as 
“ecological  engineers”  and  may  play 
an  important  role  in  influencing  com- 
munity dynamics  (Jones  et  al.,  1994; 
Coleman  and  Williams,  2002;  Cole- 
man et  al.,  2010). 

Grouper  pits  have  been  described 
for  2 marine  protected  areas  (MPAs) 
in  the  northeastern  Gulf  of  Mexico: 
Madison-Swanson  and  Steamboat 
Lumps  MPAs,  which  were  estab- 
lished in  2000  on  the  shelf  break  (at 
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depths  of  50-120  m)  to  alleviate  fishing  pressure  on 
aggregations  of  gag  ( Mycteroperca  microlepis ).  Grouper 
pits  at  Steamboat  Lumps  consist  of  carbonate  rocks 
that  have  been  scoured  out  from  a thick  veneer  of 
carbonate-derived  sediment.  The  pits  are  on  average 
5-6  m in  diameter  but  can  become  as  large  as  25  m in 
diameter  and  1-2  m deep  with  a density  of  about  250 
pits/km2  (Scanlon  et  al.,  2005;  Coleman  et  al.,  2010; 
Wall  et  al.,  2011).  Pits  in  the  Madison-Swanson  MPA 
differ  in  their  level  of  relief;  some  have  a thin  veneer 
of  carbonate-derived  sediments  and  some  have  more 
relief  (Coleman  et  al.,  2010). 

Our  study  area  was  at  Pulley  Ridge,  a mesophotic 
coral  ecosystem  (MCE)  in  the  northeastern  Gulf  of 
Mexico,  which  has  large  populations  of  red  grouper  and 
a high  density  of  grouper  pits.  This  geological  feature 
is  a carbonate  ridge  that  extends  for  nearly  300  km 
along  the  southwestern  shelf  of  Florida  and  lies  about 
250  km  west  of  the  Florida  coastline  (Hine  et  al.,  2008). 
The  southern  end  of  Pulley  Ridge  supports  an  MCE  at 
depths  of  60-100  m and  covers  an  area  of  -600  km2 
(Fig.  1;  Jarrett  et  al.,  2005;  Cross  et  al.3;  USGS4;  Hine 
et  al.,  2008;  Reed,  2016).  Mesophotic  coral  ecosystems 
are  characterized  by  the  presence  of  light-dependent 
corals  and  their  associated  communities,  and  Pulley 
Ridge  is  the  deepest  MCE  on  the  U.S.  continental  shelf 
(Halley  et  al.5).  The  hard-bottom  substrate  along  this 
ridge  consists  of  rock  and  coral  pavements  and  cement- 
ed conglomerates  of  carbonate  rubble  and  cobble  rock 
(5-15  cm  in  diameter)  that  provide  habitat  for  herma- 
typic  corals  (primarily  Agaricia  spp.,  great  star  coral 
[Montastraea  cavernosa ],  and  Madracis  spp.),  macroal- 
gae, sponges,  and  a large  variety  of  species  of  tropical 
fish  (Phillips  et  al.,  1990;  Halley  et  al.5;  Reed,  2016). 
The  Pulley  Ridge  Habitat  Area  of  Particular  Concern 
(ELAPC)  was  established  in  2005  by  the  Gulf  of  Mexico 
Fishery  Management  Council6  to  provide  protection 
from  bottom  longlines  and  trawls.  Hook-and-line  fish- 
ing, however,  is  still  allowed.  The  established  HAPC 
provides  protection  for  348  km2,  an  area  that  is  rough- 
ly half  the  total  MCE  area  (Reed,  2016). 

Structural  complexity  has  often  been  shown  to  posi- 


3  Cross,  V.,  D.  C.  Twichell,  R.  B.  Halley,  K.  T.  Ciembronowicz,  B. 
D.  Jarrett,  E.  S.  Hammar-Klose,  A.  C.  Hine,  S.  D.  Locker,  and 
D.  F.  Naar.  2005.  GIS  compilation  of  data  collected  from 
the  Pulley  Ridge  deep  coral  reef  region.  U.S.  Geol.  Surv. 
Open-File  Rep.  2005-1089.  [Available  from  website.] 

4 USGS  (U.S.  Geological  Survey).  2005.  Recently  discovered 
reef  is  deepest  known  off  continental  U.S.  ScienceDaily,  5 
January  2005.  [Internet  press  release  available  from  web- 
site.] 

5 Halley,  R.  B.,  V.  E.  Garrison,  K.  T.  Ciembronowicz,  R.  Ed- 
wards, W.  C.  Jaap,  G.  Mead,  S.  Earle,  A.  C.  Hine,  B.  Jarret, 
S.  D.  Locker,  et  al.  2003.  Pulley  Ridge — The  United  States’ 
deepest  coral  reef?  In  U.S.  Geological  Survey  Greater  Ev- 
erglades Science  Program:  2002  biennial  report.  U.  S.  Geol. 
Surv.  OFR-03-54,  153-154  p.  [Available  from  website.] 

6 Gulf  of  Mexico  Fishery  Management  Council  (GMFMC).  2005. 

Essential  Fish  Habitat  Amendment  3.  Addressing  essential 

fish  habitat  requirements,  habitat  areas  of  particular  con- 

cern, and  the  adverse  effects  of  fishing  on  fishery  manage- 
ment plans  of  the  Gulf  of  Mexico. 


tively  influence  abundance  and  diversity  of  fish  spe- 
cies (McClanahan,  1994;  Ohman  and  Rajasuriya,  1998; 
Gratwicke  and  Speight,  2005;  Harter  et  al.,  2009).  Most 
of  Pulley  Ridge  is  a low  relief,  low  rugosity,  rock  and 
rubble  habitat.  The  highest  densities  of  fish  reside  on 
2 biologically  derived  habitat  features  that  provide 
more  structural  complexity:  mounds  of  rock  rubble  and 
cobble  created  by  sand  tilefish  ( Malacanthus  plumieri) 
and  grouper  pits  (Halley  et  al.7).  The  grouper  pits  are 
large  enough  (8-15  m in  diameter  and  1-2  m deep)  to 
be  visible  in  high-resolution  bathymetric  images  col- 
lected with  a multibeam  sonar  during  a research  cruise 
in  September  2011  (NOAA8),  and  up  to  340  pits/km2 
are  visible  in  those  images.  Approximately  90  species 
of  fish,  both  shallow-water  and  deepwater  species,  have 
been  observed  on  Pulley  Ridge  (Jaap  et  al.,  2015).  The 
fish  communities  of  Pulley  Ridge  have  been  character- 
ized previously,  but  communities  associated  with  the 
grouper  pits  specifically  have  not. 

Species  of  lionfish  ( Pterois  spp.)  first  were  discov- 
ered on  Pulley  Ridge  during  submersible  dives  in  2010 
(Reed  and  Rogers9)  when  6 fish  were  observed.  Since 
then,  exponential  increases  in  the  abundance  of  this 
population  of  lionfish  have  been  observed  (Andradi- 
Brown  et  al.,  2016).  It  is  unknown  at  this  time  wheth- 
er red  lionfish  (P.  volitans),  devil  firefish  (P.  miles),  or 
both  species  exist  at  Pulley  Ridge.  At  this  time,  posi- 
tive identification  can  be  achieved  only  through  genet- 
ic analysis;  therefore,  lionfish  were  identified  only  to 
genus  level  for  this  study.  The  invasion  of  lionfish  is 
regarded  as  one  of  the  most  successful  colonizations  of 
a marine  species  ever  documented  (Albins  and  Hixon, 
2008;  Green  and  Cote,  2009;  Albins,  2013).  Lionfish 
first  were  recorded  in  waters  of  the  Atlantic  Ocean  in 
the  mid-1980s,  but  their  range  has  expanded  to  include 
the  Gulf  of  Mexico,  Caribbean,  and  much  of  the  tropi- 
cal and  subtropical  western  Atlantic  Ocean  (Schofield, 
2009,  2010).  Over  the  years,  densities  of  lionfish  in  the 
western  Atlantic  Ocean  have  expanded  rapidly  to  the 
point  that  they  are  nearly  5 times  more  abundant  in 
the  invaded  range  (Green  and  Cote,  2009)  than  in  the 
Pacific  Ocean  (Kulbicki  et  al.,  2012).  High  individual 
growth  and  reproductive  rates  (Morris  and  Whitfield, 
2009)  have  contributed  to  the  rapid  increase  of  the 
population  in  the  western  Atlantic  Ocean.  Many  stud- 


7 Halley,  R.,  G.  R Dennis,  D.  Weaver,  and  F.  Coleman.  Halley, 
R.,  G.  P.  Dennis,  D.  Weaver,  and  F.  Coleman.  2005.  Part 
II:  characterization  of  the  Pulley  Ridge  coral  and  fish  fau- 
na. Final  report  to  the  National  Oceanic  and  Atmospheric 
Administration  Coral  Reef  Conservation  Grant  Program,  25 
p.  [Available  from  website.] 

8 NOAA.  2011.  Multibeam  sonar  bathymetry  data  collected 
aboard  Nancy  Foster  (NF-11-09-CIOERT).  NOAA  National 
Centers  for  Environmental  Information.  [Available  from 
website.] 

9 Reed,  J.  K.,  and  S.  Rogers.  2011.  Final  cruise  report.  Flor- 
ida Shelf-Edge  Expedition  (FLoSEE),  Deepwater  Horizon  oil 
spill  response:  survey  of  deepwater  and  mesophotic  reef  eco- 
systems in  the  eastern  Gulf  of  Mexico  and  southeastern  Flor- 
ida. R/V  Seward  Johnson  and  Johnson-Sea-Link  submersible, 
July  9-August  9,  2010,  16  p.  [Available  from  website.] 
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Figure  1 

Map  of  the  Pulley  Ridge  mesophotic  coral  ecosystem  off  southwestern  Florida  in 
the  Gulf  of  Mexico  where  video  surveys  were  conducted  with  a remotely  operated 
vehicle  during  2012-2015.  The  polygon  outlined  in  black  represents  the  Pulley 
Ridge  Habitat  Area  of  Particular  Concern.  The  extent  of  the  survey  area  includes 
the  entire  area  of  available  multibeam  bathymetric  imagery. 


ies  have  revealed  deleterious  effects  of  the  invasion  of 
lionfish  on  abundances  and  species  richness  of  native 
fish  through  predation  and  competition  (Albins  and 
Hixon,  2008;  Green  et  al.,  2012;  Albins,  2013).  In  ad- 
dition, studies  of  MCEs  in  the  Bahamas  found  that 
predation  by  lionfish  on  herbivorous  fish  has  caused 
a shift  in  the  benthic  fauna,  and  an  increase  in  the 
proportion  of  algae  to  the  proportion  of  corals  (Lesser 
and  Slattery,  2011). 

Because  the  grouper  pits  of  Pulley  Ridge  have  not 
been  characterized  previously,  particularly  since  the  in- 
vasion of  lionfish,  our  objectives  for  this  study  were  1) 
to  quantify  and  characterize  fish  populations  associat- 
ed with  grouper  pits  at  Pulley  Ridge,  2)  to  estimate  the 
spatial  distribution  and  abundance  of  key  economically 
and  ecologically  important  reef  fish  species,  and  3)  to 
examine  the  effect  of  lionfish  on  the  abundance  and 
composition  of  fish  communities  of  the  grouper  pits. 

Materials  and  methods 

Data  collection 

Information  on  the  fish  community  in  the  grouper  pits 
was  collected  annually  from  2012  to  2015  by  using 
underwater  video  cameras  attached  to  remotely  oper- 


ated vehicles  (ROVs)  that  were  deployed  from  the  RV 

F.  G.  Walton  Smith.  Video  surveys  were  conducted  with 
2 different  ROVs:  the  Phantom  S-2  in  2012-2013  and 
the  Mohawk  in  2014-2015.  Both  vehicles  are  operated 
by  the  Undersea  Vehicles  Program  of  the  University  of 
North  Carolina  at  Wilmington.  To  keep  the  ROV  near 
the  seafloor  during  dives,  a “down  weight”  (145  kg)  was 
tethered  to  its  umbilical  cable  at  a distance  of  25-30  m 
behind  the  ROV.  The  configuration  of  the  down  weight 
allowed  the  ROV  to  traverse  just  above  the  seafloor  (<1 
m)  at  a mean  speed-over-ground  of  approximately  0.13 
m/s  (range:  0.13  to  0.28  m/s).  The  precise  location  of 
the  ROV  was  recorded  constantly  throughout  each  dive 
with  a tracking  system  linked  to  the  GPS  of  the  RV  F. 

G.  Walton  Smith. 

The  Phantom  ROV  was  equipped  with  a standard- 
definition  Sony10  color  video  camera  (Sony  Corp.,  Tokyo, 
Japan)  with  more  than  460  lines  of  resolution,  and  the 
Mohawk  ROV  had  a Mini  Zeus  II  high-definition  video 
camera  (Insite  Pacific  Inc.,  Solana  Beach,  CA).  Both 
cameras  provided  continuous  video  data  recorded  on 
external  hard  drives.  On  both  ROVs,  the  camera  typi- 
cally was  angled  down  -30°  to  capture  the  view  both 


10Mention  of  trade  names  or  commercial  companies  is  for  iden- 
tification purposes  only  and  does  not  imply  endorsement  by 
the  National  Marine  Fisheries  Service,  NOAA. 
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near  to  and  far  from  the  horizon  in  video  recordings 
of  fish  aggregations  and  habitat.  An  on-screen  display 
system  recorded  and  superimposed  time,  date,  ROV 
heading  (direction),  and  ROV  depth  on  the  video  taken 
with  the  cameras.  The  ROVs  also  had  high-resolution 
digital  cameras  that  captured  still  images  of  fish  and 
habitats  within  the  study  area.  The  still  cameras  were 
mounted  on  the  ROV  in  a fixed,  downward-looking 
orientation  for  images  of  habitat  cover.  Both  cameras 
were  equipped  with  parallel  lasers  (10  cm)  to  calculate 
scale.  Two  250-W  halogen  lights  (DeepSea  Power  & 
Light,  San  Diego,  CA)  were  mounted  on  top  of  the  ROV 
tilt  platform  and  provided  illumination  for  the  video 
cameras  on  the  Phantom,  and  the  Mohawk  ROV  had 
two  3700-lm  SeaLite  Sphere  3100  LED  lights  (DeepSea 
Power  & Light).  Water  clarity  and  natural  light,  how- 
ever, usually  allowed  visibility  in  excess  of  20  m.  When 
available,  an  SBE  39  temperature  and  depth  recorder 
(Sea-Bird  Scientific,  Bellevue,  WA)  was  attached  to  the 
ROV  for  each  dive. 

A statistically  rigorous  sampling  protocol  was  used 
to  select  the  ROV  survey  sites  at  Pulley  Ridge.  In  Ar- 
cGIS,  vers.  10.1  (Esri,  Redlands,  CA),  a grid  of  blocks, 
each  lxl  km,  was  overlaid  on  maps  created  with  mul- 
tibeam bathymetric  imagery  collected  by  NOAA7  (Fig. 
1).  Blocks  were  selected  randomly  to  be  surveyed  quan- 
titatively by  the  ROV  over  the  4 years,  and  the  pooling 
of  blocks  for  selection  targeted  both  the  Pulley  Ridge 
HAPC  and  areas  adjacent  to  the  HAPC  that  appeared 
to  be  mesophotic  habitat  from  the  bathymetric  maps. 
Areas  outside  the  HAPC  had  been  mapped  previously, 
but  the  bathymetric  maps  have  not  yet  been  verified 
by  direct  observations,  or  ground-truth;  therefore,  ar- 
eas interpreted  as  hard-bottom  habitat  from  the  bathy- 
metric data  were  used  in  the  selection  of  blocks.  Once 
a block  had  been  examined,  it  was  not  resampled  in 
subsequent  years.  Each  dive  of  the  ROV  lasted  approx- 
imately 3-4  h during  daylight  hours  and  covered  an 
average  distance  of  1.85  km  (standard  error  [SE]  0.11). 
The  direction  of  each  dive  within  a block  was  selected 
haphazardly  on  the  basis  of  a flip  of  a coin  and  the 
maneuverability  of  the  ship,  which  is  affected  by  wind 
and  current,  but  the  direction  was  not  altered  to  target 
grouper  pits. 

Video  reading 

All  fish  were  counted  and  identified  in  each  encoun- 
tered grouper  pit,  including  species  that  were  both  in- 
side the  pit  and  swimming  in  the  water  column  above 
(1-3  m)  the  pit.  Individual  fish  were  identified  to  the 
lowest  taxonomic  level  possible,  and  fish  counts  for 
each  taxon  were  made  by  using  a tally  system.  Still 
images  of  single  frames  of  video  were  used  to  identify 
and  count  fish  when  multiple  species  were  present  and 
when  areas  had  high  fish  abundance.  If  confident  iden- 
tifications could  not  be  made,  individuals  were  recorded 
as  unknown.  Random  segments  of  video  were  analyzed 
by  a second  reader  to  confirm  identification  of  fish  and 
accuracy  of  the  primary  reader’s  counts.  Counts  for 


large  schools  of  fish  (>100  individuals)  were  estimated 
by  counting  a group  of  25  fish  and  then  extrapolating 
that  count  for  the  size  of  the  entire  school.  To  avoid 
recounting  fish,  unique  color  patterns,  body  markings, 
and  attraction  behaviors  (i.e.,  schooling  of  fish  around 
the  ROV)  were  noted.  Fish  abundances  were  recorded 
for  each  taxon  observed  in  every  grouper  pit.  Because 
pits  were  of  relatively  similar  sizes,  averaging  ~10  m 
in  diameter  (as  measured  from  high-resolution,  multi- 
beam bathymetric  imagery)  and  1-2  m in  depth,  fish 
abundance  per  pit,  rather  than  density,  was  used.  Cole- 
man et  al.  (2010)  found  no  relationship  between  pit  di- 
ameter and  either  fish  density  or  species  abundance  in 
the  Madison-Swanson  and  Steamboat  Lumps  MPAs  in 
the  northeastern  Gulf  of  Mexico. 

Analyses  of  multivariate  fish  communities 

Multivariate  analyses  were  conducted  by  using  PRIM- 
ER, vers.  6 (PRIMER-E,  Auckland,  New  Zealand)  to 
compare  fish  communities  in  the  grouper  pits.  Each 
grouper  pit  was  defined  and  characterized  by  the  fol- 
lowing 4 factors:  year,  predator  presence  or  absence, 
region,  and  HAPC.  Year  indicated  the  year  the  grouper 
pit  was  sampled:  2012-2015  (Fig.  2A).  Red  grouper  and 
lionfish  are  the  2 top-level  predators  that  inhabit  the 
grouper  pits.  To  test  the  effect  of  predator  presence  or 
absence  on  community  structure,  grouper  pits  were  cat- 
egorized as  1)  having  either  no  predators  (no  lionfish 
or  red  grouper),  2)  lionfish  only,  3)  red  grouper  only, 
or  4)  both  (red  grouper  and  lionfish  present)  (Fig.  2B). 
Although  in  some  cases  on  shallow  reefs  lionfish  have 
been  observed  to  move  more  than  1 km  (Akins  et  al., 
2014;  Tamburello  and  Cote,  2015),  both  lionfish  and  red 
grouper  are  known  for  their  site  fidelity  (Coleman  et 
al.,  2010;  Jud  and  Layman,  2012;  Bachelor  et  al.,  2015). 
Coleman  et  al.  (2010)  examined  the  movement  patterns 
of  red  grouper  in  pits  specifically  and  found  that  they 
exhibit  high  site  fidelity,  remaining  in  the  same  pit  for 
long  periods  of  time  (>1  year).  Other  predators  around 
the  grouper  pits,  such  as  other  grouper  species  and 
species  of  snapper,  are  more  roving  predators.  The  re- 
gion factor  indicated  the  location  of  the  grouper  pits  in 
relation  to  the  geological  features  of  the  Pulley  Ridge 
MCE,  primarily  on  the  basis  of  bathymetric  maps.  Four 
geological  regions  were  used  to  categorize  the  location 
of  each  grouper  pit:  main  ridge,  off  main  ridge  (area 
east  of  the  main  ridge),  central  basin,  and  west  ridge 
(Fig.  2C).  The  HAPC  factor  indicated  whether  the  pit 
was  located  inside  or  outside  the  HAPC. 

Four  multivariate  routines  in  PRIMER  were  em- 
ployed to  examine  fish  communities  by  using  the  fac- 
tors described  previously.  They  were  nonmetric  mul- 
tidimensional scaling  (MDS),  analysis  of  similarity 
(ANOSIM),  similarity  percentages  (SIMPER),  and  bio- 
diversity indices  (DIVERSE)  routines.  For  these  analy- 
ses, taxa  that  composed  less  than  1%  of  the  total  abun- 
dance were  removed  to  minimize  the  disproportionate 
effect  they  can  have  on  the  data.  Data  were  averaged 
by  factor  and  fourth-root  transformed — a calculation 
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Figure  2 

Locations  of  each  grouper  pit  surveyed  during  2012-2015  in  the  Gulf  of  Mex- 
ico, characterized  by  3 of  the  factors  used  to  compare  fish  assemblages  at 
pits:  (A)  year,  (B)  predator  presence,  and  (C)  region.  The  polygon  outlined  in 
black  represents  the  Pulley  Ridge  Habitat  Area  of  Particular  Concern,  which 
is  located  off  southwestern  Florida.  Predator  presence  or  absence  categories 
were  no  predator,  red  grouper  ( Epinephelus  morio)  only,  species  of  lionfish 
(Pterois  spp.)  only,  or  both  predators. 


that  “down-weighs”  the  dominance  of  highly  abundant 
species,  allowing  species  with  intermediate  density  to 
exert  some  influence  on  the  calculation  of  similarity 
(Clarke  and  Warwick,  2001). 

An  MDS  routine  based  on  Bray-Curtis  similarity  co- 
efficients and  a dendrogram  with  group-average  link- 
ing were  created  to  depict  the  results  of  a concurrent 
similarities  profile  (SIMPROF  routine  in  PRIMER). 
The  MDS  routine  is  an  ordination  technique  in  which 
points  that  are  located  closer  together  in  multivariate 
space  are  considered  more  similar  than  points  further 
away.  The  stress  values  shown  in  MDS  plots  reflect  the 
accuracy  of  the  representation  of  community  structure; 
lower  stress  values  indicate  that  the  plots  are  increas- 


ingly representative  of  the  commu- 
nity structure.  Stress  values  less 
than  0.20  generally  indicate  that 
plots  provide  an  accurate  represen- 
tation of  the  data  rather  than  that 
the  points  have  been  placed  arbi- 
trarily in  the  2-dimensional  ordina- 
tion space. 

We  also  tested  for  differences 
in  community  structure  among 
pits  with  one-way  ANOSIM  tests 
based  on  the  Bray-Curtis  similar- 
ity coefficients.  Significant  differ- 
ences among  groups  were  defined 
in  our  study  when  P< 0.05,  but  for 
those  pairwise  tests  that  showed 
significant  difference,  we  further 
examined  the  ANOSIM  i?-statistic. 
Unlike  the  P-value,  the  i?-statistic 
reflects  the  absolute  difference  in 
community  structure  between  treat- 
ments (i.e.,  it  reflects  the  size  of  the 
effect)  (Clarke  et  al.,  2006).  The 
P-statistic  typically  ranges  from  0 
to  1,  with  values  closer  to  1 repre- 
senting more  significant  separation 
among  groups  and  values  closer  to 
0 representing  no  difference  among 
groups.  It  is  possible  to  obtain  a sig- 
nificant P-value  with  an  P-statistic 
that  is  very  low  when  there  are 
many  replicates  at  each  site,  and  ob- 
taining a significant  P-value  in  such 
a case  would  indicate  little  biologi- 
cally significant  separation  among 
groups  (Clarke,  1993).  Negative  R- 
values  denote  unusual  situations 
where  replicates  among  groups  are 
more  similar  than  within  a group. 
Analysis  of  similarity  percentages 
was  then  used  to  determine  which 
species  contributed  to  the  dissimi- 
larities between  the  group  pairs. 

Biodiversity  indices  derived  with 
the  DIVERSE  routine  were  com- 
pared among  grouper  pits  for  each 
factor.  Parameters  examined  included  total  number,  di- 
versity, and  evenness  of  species  in  the  community.  The 
Shannon- Weiner  function  ( H ’)  was  used  to  estimate  pit 
diversity  as  log(pj),  where  is  the  proportion  of 
the  total  count  arising  from  the  ith  species.  Pielou’s 
evenness  was  estimated  as  ifVlog(S),  where  S is  the 
total  number  of  taxa  at  a pit  (Pielou,  1977). 

Analyses  of  univariate  fish  abundance 

Fish  associated  with  grouper  pits  were  divided  into 
3 categories:  small  fish,  schooling  fish,  and  large  fish. 
This  classification  was  needed  because  several  of  the 
species  (primarily  the  economically  important  species) 
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Table  I 


Summary  information  from  video  surveys  conducted  with  a remotely  operated  vehicle  during  2012-2015  at 
the  Pulley  Ridge  mesophotic  coral  ecosystem  off  southwestern  Florida  in  the  Gulf  of  Mexico.  N/A  indicates 
that  information  was  not  available  for  that  year. 


Year 

No.  of  1-km2 
blocks  surveyed 

Average  distance 
surveyed  (km) 

No.  of  grouper 
pits  surveyed 

Dates  of 
survey 

Depth 
range (m) 

Bottom  temperature 
range (°C) 

2012 

10 

35.2 

80 

14-25  Aug 

62.8-75.5 

N/A 

2013 

15 

29.4 

41 

12-27  Aug 

60.3-93.9 

N/A 

2014 

17 

23.8 

35 

14-28  Aug 

63.1-86.1 

18.1-29.2 

2015 

28 

33.4 

52 

23  Aug-2  Sept 

59.3-105.5 

19.0-22.52 

were  not  abundant  enough  to  examine  individually.  For 
all  analyses,  the  replicate  was  each  grouper  pit,  and 
average  abundances  (with  standard  errors)  for  each 
factor  were  calculated  and  compared.  Significant  dif- 
ferences existed  when  P<0.05. 

The  small  fish  group  consisted  of  taxa  of  small,  ben- 
thic fish  that  typically  reside  inside  the  pit  to  use  the 
structural  complexity  it  offers.  Taxa  in  the  small  fish 
category  were  cardinalfish  ( Apogon  spp.);  damselfish 
( Chromis  spp.);  small  sea  basses  (Serranidae),  includ- 
ing anthiids  (Anthiinae);  wrasses  ( Halichoeres  spp.); 
and  parrotfish  (Labridae).  Not  only  do  these  species  use 
the  grouper  pits  in  the  same  manner,  but  they  are  all 
possible  prey  of  lionfish  and  red  grouper.  Abundances 
of  small  fish  were  loge  transformed  to  correct  for  nor- 
mality and  then  tested  with  one-way  analysis  of  vari- 
ance (AN OVA)  to  examine  the  effects  of  year,  predator 
presence  or  absence,  region,  and  HAPC.  Categories  for 
each  factor  were  the  same  as  the  multivariate  analy- 
ses: year  was  2012-2015;  predator  presence  or  absence 
was  either  no  predator,  lionfish  only,  red  grouper  only, 
or  both;  region  was  main  ridge,  off  main  ridge,  central 
basin,  or  west  ridge;  and  HAPC  was  either  inside  or 
outside  the  protected  area. 

Taxa  in  the  schooling  fish  category  hover  just  above 
a grouper  pit  and  usually  travel  in  schools  of  greater 
than  50  individuals.  This  group  included  the  striped 
grunt  ( Haemulon  striatum),  the  school  bass  ( Schul - 
tzea  beta),  and  bonnetmouths  (Haemulidae).  Because 
of  the  nature  of  the  abundance  data  for  the  schooling 
group  (large  variances  among  pits)  and  because  trans- 
formations did  not  correct  for  normality,  nonparamet- 
ric  Kruskal-Wallis  tests  were  used  to  test  for  effects 
of  year,  predator  presence,  region,  and  HAPC  on  the 
abundances  of  taxa  in  the  schooling  group. 

The  final  category,  large  fish,  consisted  of  the  larger 
taxa,  most  of  which  are  managed  by  the  Gulf  of  Mex- 
ico Fishery  Management  Council.  This  group  included 
grunts  ( Haemulon  spp.),  except  for  the  striped  grunt; 
snapper  ( Lutjanus  spp.);  grouper  ( Mycteroperca  spp., 
Epinephelus  spp.,  and  the  graysby,  Cephalopholis  cru- 
entata),  except  for  the  red  grouper;  triggerfish  ( Batistes 
spp.);  and  the  hogfish  ( Lachnolaimus  maximus).  Again, 
transformations  did  not  correct  for  non-normality  this 


time  because  of  low  abundances;  therefore,  nonpara- 
metric  Kruskal-Wallis  tests  were  used  to  test  the  ef- 
fects of  the  4 factors  (year,  predator  presence,  region, 
and  HAPC)  on  the  abundance  of  taxa  in  the  large  fish 
group. 

Results 

In  August  of  each  year  between  2012  and  2015,  70  ran- 
dom blocks  (each  1 km2)  were  surveyed  over  the  en- 
tire Pulley  Ridge  MCE  region  (Table  1).  Within  those 
blocks,  208  grouper  pits  were  encountered  and  ana- 
lyzed. The  number  of  grouper  pits  observed  by  year  was 
80  in  2012,  41  in  2013,  35  in  2014,  and  52  in  2015.  The 
average  distance  surveyed  per  year  was  30.5  km  (SE 
2.5).  The  temperature  range  was  18.1-29.2°C  in  2014 
and  19.0-22.5°C  in  2015;  however,  these  data  were  not 
available  for  2012  and  2013  because  a conductivity, 
temperature,  and  depth  profiler  was  not  on  the  ROV 
during  those  years.  Depths  sampled  were  slightly  shal- 
lower in  2012  because  dives  that  year  were  conducted 
primarily  on  the  main  ridge,  which  is  shallower  than 
the  other  regions.  The  central  basin  and  west  ridge  ar- 
eas of  the  Pulley  Ridge  MCE  are  slightly  deeper  (10-30 
m)  and  were  sampled  during  the  remaining  years  of 
the  surveys  (Fig.  2). 

Grouper  pits  were  distributed  throughout  the  sam- 
pling region.  Their  locations  are  shown  in  Figure  2 by 
year,  region,  predator  presence,  and  HAPC.  In  general, 
all  the  regions  surveyed  have  very  similar  habitat, 
except  the  off  main  ridge  region,  which  is  east  of  the 
main  ridge  and  is  a predominately  soft-bottom  sub- 
strate mixed  with  rock  rubble  and  cobble.  The  other 
regions  (main  ridge,  central  basin,  and  west  ridge) 
all  have  low  relief  (0-1  m)  and  a substrate  consisting 
primarily  of  rock  pavement  (probably  old,  dead  coral 
plates),  and  rock  rubble  and  cobble  (5-20  cm  rock),  or 
a combination  of  the  latter  2 substrate  types. 

Bathymetric  maps  show  grouper  pits  8-15  m in  di- 
ameter, 1-2  m deep,  and  evenly  spaced  about  100  m 
apart  over  much  of  the  area.  Up  to  340  grouper  pits 
were  visible  in  a single  1-km2  block  on  high-resolution 
bathymetric  maps  of  main  Pulley  Ridge  (NOAA7). 
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Table  2 

Annual  mean  abundances  of  all  taxa,  observed  during  video  surveys  conducted  with  a re- 
motely operated  vehicle  at  Pulley  Ridge,  in  the  Gulf  of  Mexico,  from  2012  through  2015.  The 
overall  mean  is  the  average  of  the  4 annual  values  for  each  taxon.  Taxa  are  listed  in  order 
from  highest  to  lowest  overall  mean.  Commercially  or  recreationally  harvested  species  are 
noted  in  bold. 


Scientific  name 

2012 

2013 

2014 

2015 

Overall  mean 

Haemulidae 

124.09 

4.05 

0.00 

0.00 

32.04 

Haemulon  striatum 

0.00 

64.86 

21.77 

12.15 

24.70 

Schultzea  beta 

0.00 

13.51 

32.17 

33.00 

19.67 

Apogon  spp. 

0.63 

31.24 

5.40 

32.73 

17.50 

Chromis  scotti 

9.74 

2.46 

0.97 

26.25 

9.85 

Pterois  volitans 

3.06 

4.70 

13.97 

6.65 

7.10 

Hemanthias  vivanus 

0.00 

0.00 

26.37 

0.00 

6.59 

Chromis  enchrysura 

2.50 

7.35 

10.51 

2.46 

5.71 

Serranidae 

0.05 

21.62 

0.00 

0.00 

5.42 

Chromis  spp. 

2.73 

4.68 

0.00 

7.10 

3.62 

Chromis  insolata 

2.48 

2.41 

4.63 

4.17 

3.42 

Anthiinae 

7.13 

4.05 

0.49 

1.92 

3.40 

Apogon  affinis 

0.00 

0.00 

13.43 

0.00 

3.36 

Coranthias  tenuis 

0.25 

0.00 

0.11 

11.54 

2.98 

Apogon  maculatus 

4.44 

2.97 

0.71 

0.00 

2.03 

Holocentrus  spp. 

0.50 

3.65 

2.34 

1.02 

1.88 

Bodianus  pulchellus 

0.43 

0.38 

1.14 

1.10 

0.76 

Chromis  cyanea 

1.81 

0.68 

0.17 

0.31 

0.74 

Chaetodon  sedentarius 

0.35 

0.73 

0.71 

0.58 

0.59 

Equetus  lanceolatus 

0.00 

0.24 

1.97 

0.04 

0.56 

Centropyge  argi 

0.28 

0.57 

0.17 

0.87 

0.47 

Canthigaster  rostrata 

0.08 

0.03 

1.29 

0.31 

0.42 

Epinephelus  morio 

0.38 

0.49 

0.46 

0.35 

0.42 

Holacanthus  tricolor 

0.38 

0.16 

0.26 

0.46 

0.31 

Serranus  tortugarum 

0.06 

0.03 

0.00 

1.15 

0.31 

Mycteroperca  phenax 

0.44 

0.05 

0.23 

0.52 

0.31 

Sparisoma  atomarium 

0.13 

0.00 

0.49 

0.27 

0.22 

Liopropoma  eukrines 

0.03 

0.19 

0.23 

0.37 

0.20 

Holacanthus  bermudensis 

0.19 

0.11 

0.31 

0.10 

0.18 

Chaetodon  ocellatus 

0.00 

0.11 

0.23 

0.29 

0.16 

Stegastes  partitus 

0.06 

0.14 

0.00 

0.38 

0.15 

Pronotogrammus  martinicensis 

0.00 

0.16 

0.26 

0.13 

0.14 

Apogon  pseudomaculatus 

0.00 

0.14 

0.20 

0.08 

0.10 

Halichoeres  spp. 

0.08 

0.00 

0.06 

0.25 

0.10 

Lutjanus  spp. 

0.01 

0.00 

0.20 

0.15 

0.09 

Table  Continued 


These  pits  represent  the  only  areas  of  Pulley  Ridge 
that  provide  a diversity  of  structural  habitat.  Whereas 
most  of  Pulley  Ridge  is  relatively  flat  and  consists  of 
rubble  and  pavement  and  little  rugosity,  the  grouper 
pits  provide  moderate  relief  (1-2  m),  slopes  of  5-30°, 
and  high-rugosity  habitat.  Rugosity  here  is  defined  as 
a degree  of  ruggedness  of  the  rock  bottom  in  relation  to 
the  size  of  rock  ledges,  holes,  and  crevices,  which  tend 
to  provide  the  most  structurally  complex  habitat  for 
reef  fish.  The  grouper  pits  provide  habitat  for  a large 
variety  and  density  of  small  reef  fish,  and  the  exposed 
rock  provides  habitat  for  sessile  benthic  biota.  Although 
rugosity  of  the  grouper  pits  was  not  measured  quanti- 


tatively, it  differed  visually  only  for  those  grouper  pits 
that  were  not  actively  being  maintained  by  a predator. 
These  abandoned  pits  tended  to  be  filled  with  sediment 
and  lack  exposed  rock  ledges. 

Overall,  66  fish  taxa  were  observed  in  the  grouper 
pits  of  Pulley  Ridge,  16  of  which  are  managed  species 
(Table  2).  Schooling  species,  such  as  bonnetmouths 
and  the  striped  grunt,  had  the  highest  overall  mean 
abundances  (84.40  individuals/pit  [SE  25.30]),  but  the 
species  that  composed  the  schooling  category  varied 
among  years.  Bonnetmouths  dominated  in  2012,  but 
the  striped  grunt  and  the  school  bass  were  more  abun- 
dant during  2013-2015.  Of  the  small,  benthic  fish  that 
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Table  2 Continued 

Scientific  name 

2012 

2013 

2014 

2015 

Overall  mean 

Holacanthus  ciliaris 

0.08 

0.05 

0.11 

0.12 

0.09 

Cephalopholis  cruentata 

0.14 

0.00 

0.09 

0.08 

0.08 

Holocentrus  adscensionis 

0.11 

0.11 

0.00 

0.00 

0.06 

Seriola  rivoliana 

0.03 

0.08 

0.09 

0.00 

0.05 

Halichoeres  bathyphilus 

0.00 

0.00 

0.14 

0.04 

0.05 

Muraenidae 

0.01 

0.05 

0.03 

0.08 

0.04 

Pomacanthus  paru 

0.09 

0.00 

0.03 

0.04 

0.04 

Rypticus  saponaceus 

0.10 

0.03 

0.00 

0.02 

0.04 

Mycteroperca  interstitialis 

0.11 

0.03 

0.00 

0.00 

0.03 

Mycteroperca  bonaci 

0.06 

0.00 

0.00 

0.08 

0.03 

Pseudupeneus  maculatus 

0.03 

0.00 

0.11 

0.00 

0.03 

Acanthurus  spp. 

0.00 

0.03 

0.09 

0.02 

0.03 

Pomacanthus  arcuatus 

0.00 

0.05 

0.03 

0.04 

0.03 

Haemulon  album 

0.11 

0.00 

0.00 

0.00 

0.03 

Gymnothorax  moringa 

0.03 

0.00 

0.09 

0.00 

0.03 

Myripristis  jacobus 

0.10 

0.00 

0.00 

0.00 

0.03 

Aulostomus  maculatus 

0.01 

0.00 

0.03 

0.04 

0.02 

Epinephelus  adscensionis 

0.01 

0.00 

0.00 

0.06 

0.02 

Balistes  vetula 

0.01 

0.03 

0.03 

0.00 

0.02 

Epinephelus  guttatus 

0.03 

0.00 

0.00 

0.04 

0.02 

Haemulon  melanurum 

0.00 

0.05 

0.00 

0.00 

0.01 

Lutjanus  analis 

0.05 

0.00 

0.00 

0.00 

0.01 

Priacanthus  arenatus 

0.00 

0.03 

0.00 

0.02 

0.01 

Seriola  dumerili 

0.01 

0.00 

0.03 

0.00 

0.01 

Lachnolaimus  maximus 

0.00 

0.00 

0.00 

0.04 

0.01 

Seriola  spp. 

0.00 

0.00 

0.00 

0.04 

0.01 

Acanthurus  coeruleus 

0.00 

0.00 

0.03 

0.00 

0.01 

Lutjanus  buccanella 

0.00 

0.00 

0.03 

0.00 

0.01 

Lutjanus  campechanus 

0.00 

0.00 

0.03 

0.00 

0.01 

Lutjanus  griseus 

0.00 

0.00 

0.03 

0.00 

0.01 

Monacanthus  tuckeri 

0.00 

0.00 

0.03 

0.00 

0.01 

Opsanus  spp. 

0.00 

0.00 

0.03 

0.00 

0.01 

Serranus  phoebe 

0.00 

0.00 

0.03 

0.00 

0.01 

Epinephelus  itajara 

0.00 

0.03 

0.00 

0.00 

0.01 

Haemulon  spp. 

0.00 

0.03 

0.00 

0.00 

0.01 

Balistes  spp. 

0.03 

0.00 

0.00 

0.00 

0.01 

Neoniphon  marianus 

0.03 

0.00 

0.00 

0.00 

0.01 

Balistes  capriscus 

0.00 

0.00 

0.00 

0.02 

0.00 

Paranthias  furcifer 

0.00 

0.00 

0.00 

0.02 

0.00 

Serranus  annularis 

0.00 

0.00 

0.00 

0.02 

0.00 

Mycteroperca  venenosa 

0.01 

0.00 

0.00 

0.00 

0.00 

Scarus  coelestinus 

0.01 

0.00 

0.00 

0.00 

0.00 

used  the  grouper  pits,  cardinalfish,  damselfish,  and 
anthiids  were  the  most  abundant  taxa  (mean:  54.70 
individuals/pit  [SE  6.70]).  The  red  grouper  and  scamp 
(. Mycteroperca  phenax ) were  the  most  abundant  eco- 
nomically important  species  (mean:  0.40  individuals/pit 
[SE  0.04]  for  red  grouper  and  0.35  individuals/pit  [SE 
0.07]  for  scamp).  Average  abundance  of  unidentifiable 
fish  was  13.91  individuals/pit  (SE  3.60). 

The  percentage  of  grouper  pits  with  red  grouper  in 
them  was  37.5%  in  2012,  46.3%  in  2013,  45.7%  in  2014, 
and  34.6%  in  2015 — proportions  that  were  not  signifi- 
cantly different  (one-way  ANOVA:  P=0.61).  There  were 
never  multiple  red  groupers  in  any  one  pit,  and  they 


were  distributed  evenly  inside  and  outside  the  HAPC, 
as  well  as  across  the  various  regions.  Frequency  of  oc- 
currence for  red  grouper  was  40.6%  inside  and  35.1% 
outside  the  HAPC,  proportions  that  were  not  signifi- 
cantly different  (one-way  ANOVA:  P=0.54).  Their  fre- 
quency of  occurrence  was  40.4%  on  the  main  ridge, 
37.5%  at  off  main  ridge,  37.5%  in  the  central  basin, 
and  44%  on  the  west  ridge.  These  values  were  also  not 
significantly  different  (one-way  ANOVA:  P=0.97).  Of 
red  grouper  that  could  be  measured  from  the  lasers 
mounted  on  the  ROV,  total  length  ranged  from  50  to  80 
cm  (average:  60  cm). 

In  contrast,  lionfish  were  observed  in  72.5%  of  grou- 
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Figure  3 

Average  abundance  of  lionfish  ( Pterois  volitans  or  P.  miles)  mea- 
sured as  number  of  individuals  by  year  from  surveys  conducted 
from  2012  through  2015  at  Pulley  Ridge  off  southwestern  Flor- 
ida. The  P-value  is  given  for  the  results  from  one-way  ANOVA. 
Statistically  significant  differences  are  noted  with  different  let- 
ters (a— c);  for  years  with  the  same  letter,  the  difference  is  not 
significant.  Error  bars  indicate  standard  errors  of  the  mean. 

SIMPER  routine  indicated  that  the  primary 
species  responsible  for  the  groups  clustering 
in  this  way  were  cardinalfish  and  3 damselfish 
species,  including  the  sunshinefish  ( Chromis 
insolata ),  the  purple  reeffish  ( Chromis  scotti), 
and  the  yellowtail  reeffish  ( Chromis  enchrys- 
ura).  These  species,  as  well  as  several  others, 
including  the  scamp,  striped  grunt,  and  school 
bass,  had  higher  abundances  in  grouper  pits 
with  either  both  predators  or  lionfish  only 
than  in  grouper  pits  with  no  predators  or  red 
grouper  only.  Because  the  scamp  was  the  most 
abundant  economically  important  species  ob- 
served (with  the  exception  of  red  grouper),  we 
needed  to  test  the  potential  effect  this  species, 
as  a predator,  could  have  on  fish  assemblages 
in  grouper  pits  through  predation.  The  results 
of  tests  with  the  ANOSIM  routine  support  the 
assertion  that  the  presence  of  scamp  did  not 
affect  fish  assemblages  of  the  grouper  pits 
(i?-statistic=0.169). 

Species  diversity  and  evenness  did  not  dif- 
fer considerably  by  HAPC  or  region  but  were 
different  by  year  and  predator  presence  (Table 
3).  All  sampling  years  had  similar  species  di- 


per  pits  in  2012,  73.2%  in  2013,  91.4%  in  2014,  and 
86.5%  in  2015.  Although  the  maximum  number  of  li- 
onfish observed  in  a single  pit  was  74,  the  average 
abundance  was  6.10  individuals/pit  (SE  0.60),  and  the 
average  abundance  increased  significantly  over  time 
(P<0.0001)  (Fig.  3).  Abundance  of  lionfish  throughout 
the  sampling  area  and  presence  of  red  grouper  are 
displayed  in  Figure  4.  Both  species  were  distributed 
throughout  the  region,  but  the  highest  abundances  of 
lionfish  were  located  primarily  outside  the  HAPC  on 
the  west  ridge  as  well  as  a few  places  along  the  main 
ridge  inside  the  HAPC. 

Analyses  of  multivariate  fish  communities 

Fish  species  composition  associated  with  grouper  pits 
was  not  significantly  different  for  year,  region,  or  HAPC 
factors.  It  did,  however,  differ  depending  on  the  preda- 
tor species  present  CR-statistic=0.402,  P<0.01).  Three 
significantly  different  groups  resulted  from  the  SIM- 
PROF  test  (P<  0.05),  indicated  by  the  letters  on  the 
MDS  plot  (Fig.  5).  Grouper  pits  with  lionfish  only  and 
with  both  predators  formed  one  group,  which  meant 
that  their  fish  assemblages  were  not  significantly  dif- 
ferent from  one  another.  Grouper  pits  with  red  grou- 
per only  formed  their  own  group,  as  did  those  with  no 
predators,  which  meant  that  their  fish  assemblages 
were  significantly  different  from  all  other  groups.  The 
groups  clustered  together  in  this  fashion  at  80%  sim- 
ilarity— a result  that  meant  that  the  species  composi- 
tion of  grouper  pits  with  lionfish  only  and  with  both 
predators  was  80%  similar.  Pairwise  tests  with  the 


Figure  4 

Average  abundance  of  lionfish  ( Pterois  volitans 
or  P.  miles)  measured  as  number  of  individuals 
per  grouper  pit,  for  each  pit  surveyed  during 
2012-2015  off  southwestern  Florida.  The  size 
of  the  white  circles  indicates  the  level  of  abun- 
dance. Small  black  circles  indicate  the  presence 
of  a red  grouper  ( Epinephelus  morio).  The  poly- 
gon outlined  in  black  represents  the  Habitat 
Area  of  Particular  Concern  at  Pulley  Ridge. 
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Figure  5 

Plot  of  nonmetric  multidimensional  scaling  ordination,  derived  from  the  Bray- 
Curtis  similarity  matrix  constructed  by  using  fourth-root  transformed  fish  abun- 
dances averaged  for  each  predator  presence  or  absence  category:  no  predator; 
red  grouper  ( Epinephelus  morio)  only;  species  of  lionfish  ( Pterois  spp.)  only;  or 
both  predators.  Groups  of  fish  assemblages  surveyed  at  grouper  pits  during 
2012-2015  off  southwestern  Florida  are  shown  at  80%  similarity.  The  closer  2 
groups  are  in  space,  the  more  similar  they  are  to  each  other.  The  letters  (a-c) 
above  the  group  symbols  represent  the  results  of  the  test  with  the  SIMPROF 
routine  in  PRIMER  software,  and  statistically  different  fish  assemblage  groups 
are  indicated  by  different  letters. 


versity  and  evenness,  with  the  exception  of  2012,  when 
those  values  were  lower  than  those  of  other  years.  The 
lower  species  diversity  in  2012  may  have  been  observed 
because  only  the  main  ridge  was  sampled  in  that  year. 
Species  diversity  and  evenness  were  very  similar  for 
grouper  pits  with  both  predators,  lionfish  only,  and  red 
grouper  only  but  were  considerably  lower  for  pits  with 
no  predators.  In  contrast,  the  highest  number  of  spe- 
cies was  observed  in  2012  (again,  this  observation  of  a 
higher  number  of  species  may  have  occurred  because 
only  the  main  ridge  was  sampled  in  2012),  in  grouper 
pits  with  either  lionfish  only  or  with  both  predators, 
inside  the  HAPC,  and  on  the  main  ridge. 

Analyses  of  univariate  fish  abundance 

Average  abundances  of  small  fish  associated  with  grou- 
per pits  were  significantly  different  among  years  and 
predator  groups  (Fig.  6).  Abundances  significantly  in- 
creased from  2012  to  2015  (PcO.0001)  and  species  were 
more  abundant  in  grouper  pits  with  a predator  present 
(P=0.006).  Average  abundances  of  small  fish  were  not 
significantly  different  among  regions  or  HAPC  groups 
(P> 0.05).  In  contrast,  average  abundances  of  schooling 
fish  were  not  significantly  different  for  any  of  the  fac- 
tors analyzed  (P>0.05).  Average  abundances  of  large 
fish  associated  with  the  grouper  pits  were  significantly 
different  only  among  predator  groups,  where  higher 
abundances  were  observed  in  grouper  pits  with  either 
red  grouper  only  or  with  both  predators  (P<0.001;  Fig. 
7).  As  with  the  multivariate  analyses,  we  tested  wheth- 
er presence  of  scamp  had  an  effect  on  abundances  of 


Table  3 

Biodiversity  indices  for  fish  communities  observed  dur- 
ing video  surveys  conducted  with  a remotely  operated 
vehicle  at  the  Pulley  Ridge  mesophotic  coral  ecosystem 
in  the  Gulf  of  Mexico.  Values  are  shown  for  each  factor: 
year;  predator  presence;  inside  the  Pulley  Ridge  Habi- 
tat Area  of  Particular  Concern  (HAPC)  (area  protected 
from  fishing)  and  outside  the  HAPC  (unprotected  area); 
and  the  region  of  Pulley  Ridge.  S=total  number  of  spe- 
cies; 7T=Shannon-Wiener  function  of  species  diversity; 
J’=Pielou’s  evenness. 


S 

H’ 

J’ 

Year 

2012 

50 

1.15 

0.29 

2013 

41 

2.09 

0.56 

2014 

46 

2.33 

0.61 

2015 

43 

2.26 

0.60 

Predator 

No  predator 

32 

0.64 

0.18 

Red  grouper  only 

24 

2.10 

0.66 

Lionfish  only 

64 

2.56 

0.62 

Both  predators 

56 

2.48 

0.62 

HAPC 

Inside 

65 

2.38 

0.57 

Outside 

42 

2.36 

0.63 

Pulley  Ridge 

Main  ridge 

61 

2.05 

0.50 

Central  basin 

43 

2.16 

0.57 

West  ridge 

40 

2.26 

0.61 

Off  main  ridge 

25 

1.98 

0.61 
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Figure  6 

Average  abundance  measured  as  number  of  individuals  of  small  benthic  fish,  in- 
cluding cardinalfish  ( Apogon  spp.),  damselfish  ( Chromis  spp.),  small  sea  basses 
(Serranidae),  wrasses  ( Halichoeres  spp.),  and  parrotfish  (Labridae),  associated  with 
grouper  pits  surveyed  during  2012-2015  off  southwestern  Florida,  shown  by  the 
factor  used  to  compare  fish  assemblages  at  pits:  (A)  year,  (B)  predator  presence 
or  absence,  (C)  inside  or  outside  Pulley  Ridge  Habitat  Area  of  Particular  Concern 
(HAPC),  and  (D)  region.  Predators  included  the  red  grouper  ( Epinephelus  morio) 
and  species  of  lionfish  ( Pterois  spp.).  P-values  are  given  for  the  results  from  one- 
way analysis  of  variance.  Statistically  significant  differences  are  noted  with  differ- 
ent letters  (a-c).  Error  bars  indicate  standard  errors  of  the  mean. 


' small  and  schooling  fish  through  predation,  possibly- 
confounding  other  results  observed.  The  results  of  tests 
! with  one-way  AN OVA  indicate  that  the  presence  of 
scamp  did  not  have  an  effect  on  average  abundances  of 
either  small  fish  (P=0.442)  or  schooling  fish  (P=0.244). 

Discussion 

Grouper  pits  inhabited  by  red  grouper  were  observed 
to  have  greater  species  diversity  and  fish  abundances 
compared  with  the  levels  observed  at  pits  not  inhab- 
ited by  red  grouper.  These  higher  levels  likely  occurred 
because  pits  with  red  grouper  are  actively  maintained, 

! with  the  resident  grouper  of  a pit  using  its  fins  and 
mouth  to  keep  the  pit  scoured  down  to  the  rock  ledges, 
i The  structural  complexity  of  a pit  remains  intact,  pro- 
viding habitat  for  other  fish  species.  Once  a pit  loses  its 
grouper  (to  fishing  capture  in  fisheries  or  for  another 
reason),  the  pit  begins  to  fill  in  with  sediment,  and 
the  exposed  ledges  are  covered.  Average  abundances  of 
both  small,  benthic  species  and  larger,  managed  spe- 


cies were  significantly  higher  in  pits  with  a red  grou- 
per present  than  in  those  with  no  predator.  Some  of  the 
most  abundant  taxa  in  pits  with  red  grouper  present 
were  the  striped  grunt,  bonnetmouths,  the  school  bass, 
cardinalfish,  damselfish,  and  anthiids.  Coleman  et  al. 
(2010)  also  observed  higher  species  diversity  in  actively 
maintained  grouper  pits  in  the  Steamboat  Lumps  and 
Madison-Swanson  MPAs,  which  are  358  km  north  of 
Pulley  Ridge.  They  found  the  most  common  species  ob- 
served in  those  pits  were  the  yellowtail  reeffish,  tom- 
tate  ( Haemulon  aurolineatum),  the  vermilion  snapper 
( Rhomboplites  aurorubens),  the  roughtongue  bass  ( Pro - 
notogrammus  martinicensis),  and  a scad  ( Decapterus 
sp.). 

An  unusual  observation  from  this  study  is  the  lack 
of  a negative  effect  from  lionfish  on  fish  assemblages 
in  the  grouper  pits  that  were  analyzed.  Most  studies 
that  have  examined  the  effect  of  the  invasion  of  lion- 
fish on  native  fish  species  have  been  conducted  in  shal- 
low water  and  have  reported  that  lionfish  adversely  af- 
fect indigenous  fish  species  (Albins  and  Hixon,  2008, 
2013).  In  a study  that  is  analogous  to  our  work  and 
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only  predators 

Figure  7 

Average  abundance,  measured  as  number  of  individuals  per 
grouper  pit,  of  large  fish,  including  large  grunts  such  as  the 
margate  ( Haemulon  album)  and  cottonwick  ( Haemulon  mel- 
anurum),  snapper  ( Lutjanus  spp.),  grouper  ( Mycteroperca  spp, 
Epinephelus  spp.,  and  the  graysby,  Cephalopholis  cruentata), 
triggerfish  ( Balistes  spp.),  and  the  hogfish  ( Lachnolaimus  max- 
imus),  associated  with  grouper  pits  surveyed  during  2012-2015 
off  southwestern  Florida,  shown  for  each  predator  presence  or 
absence  category:  no  predator;  red  grouper  ( Epinephelus  morio) 
only;  species  of  lionfish  ( Pterois  spp.)  only;  or  both  predators. 
The  P-value  is  given  for  results  from  the  Kruskal-Wallis  test. 
Statistically  significant  differences  are  noted  with  different  let- 
ters (a-c).  Error  bars  indicate  standard  errors  of  the  mean 


was  conducted  by  Albins  (2013),  native  fish  communi- 
ties on  shallow-water  patch  reefs  in  the  Bahamas  were 
compared  when  a native  grouper  (the  coney  [ Cephalo- 
pholis fulva ]),  the  lionfish,  both  predators  together,  and 
neither  predator  was  present.  Lionfish  were  found  to 
cause  a reduction  in  abundance  of  small,  native  coral- 
reef  fishes  2.5  times  greater  than  the  reduction  caused 
by  the  native  piscivore.  Lionfish  also  caused  a reduc- 
tion in  the  species  richness  of  small  coral-reef  fishes, 
whereas  the  native  piscivorous  grouper  had  no  signifi- 
cant effect.  We  observed  no  negative  effects  of  presence 
of  lionfish  on  the  fish  communities  associated  with 
mesophotic  red  grouper  pits.  Instead,  pits  with  lionfish 
had  both  greater  species  diversity  and  species  richness, 
and  they  had  higher  abundances  of  some  fish  species. 

Although  limited  in  number,  other  studies  also  have 
reported  no  negative  effect  from  the  invasion  of  lionfish. 
Elise  et  al.  (2015),  for  example,  found  no  significant 
change  in  the  structure  of  the  native  fish  assemblage 
or  in  species  richness  and  density  of  potential  lionfish 
prey,  predators,  and  competitors  over  time  with  the  ar- 
rival of  lionfish  in  the  Archipelago  Los  Roques  National 
Park,  Venezuela.  In  fact,  species  richness  of  predators 
and  competitors  of  lionfish  and  density  of  predators  of 
lionfish  were  higher  where  lionfish  were  present.  They 
attributed  this  result  to  habitat  characteristics  and 
good  abiotic  conditions  supporting  high  species  rich- 
ness and  density  of  prey.  Lionfish  may  therefore  ac- 


tively select  areas  where  species  richness  and 
prey  density  are  highest.  Areas  where  lionfish 
are  found  may  reflect  not  only  favorable  habitat 
for  lionfish  but  also  for  native  predators. 

This  explanation  could  also  apply  to  Pulley 
Ridge.  The  effect  of  lionfish  has  not  been  docu- 
mented previously  for  a habitat  type  such  as 
grouper  pits.  These  pits  are  essentially  the  only 
feature  on  the  ridge  with  enough  structural  com- 
plexity to  provide  suitable  habitat  for  both  large 
predators  and  small  reef  fish.  If  high  abundanc- 
es of  fish  are  actively  recruiting  to  these  pits,  it 
is  conceivable  that  an  effect  from  lionfish  would 
not  be  observed.  An  alternative  explanation  for 
the  lack  of  a lionfish  effect  could  be  the  length 
of  time  since  lionfish  have  colonized  the  loca- 
tion. In  the  Albins  (2013)  study,  during  which  a 
negative  effect  from  lionfish  was  observed,  data 
were  collected  4 years  after  the  presence  of  li- 
onfish had  been  confirmed.  In  contrast,  Elise  et 
al.  (2015)  collected  data  just  1 year  after  lionfish 
were  first  sighted,  and  we  began  collecting  data 
at  Pulley  Ridge  just  2 years  after  lionfish  were 
detected. 

Red  grouper,  through  their  manipulation  of 
the  substrate  of  their  habitat  form  structural- 
ly complex  pits  that  play  an  important  role  in 
the  dynamics  of  fish  communities.  Overexploi- 
tation of  red  grouper  because  of  its  economic 
value  could  have  negative  effects  on  biodiver- 
sity (Coleman  and  Williams,  2002),  especially 
In  an  area  like  Pulley  Ridge  where  the  pits  are 
one  of  the  only  features  providing  habitat  refuge  for 
any  number  of  fish  species.  Although  Pulley  Ridge  is 
protected,  because  of  its  status  as  an  HAPC,  the  regu- 
lations (ban  on  longlines,  trawling,  and  anchoring)  pri- 
marily protect  coral  and  sessile  invertebrates  and  not 
any  of  the  12  economically  valuable  fish  species.  Con- 
versely, hook-and-line  fishing  is  still  allowed  in  this 
otherwise  protected  area.  The  occurrence  of  hook-and- 
line  fishing  may  explain  why  differences  in  abundance 
of  red  grouper  were  not  observed  inside  versus  outside 
the  HAPC. 

The  presence  of  fish  in  grouper  pits  is  significant  for 
fisheries  management  because  a change  in  pit  activity 
and  numbers  may  indicate  the  presence  and  abundance 
of  economically  important  fish.  Over  time,  a change  in 
pit  density  may  indicate  changes  in  fish  populations 
and  could  be  used  to  either  evaluate  health  of  a stock  or 
the  effectiveness  of  a fishery  closure.  Wall  et  al.  (2011), 
for  example,  recorded  an  increase  in  the  number  and 
density  of  pits  from  2006  to  2009  in  Steamboat  Lumps 
MPA  by  mapping  habitat  with  acoustic  sonar.  Gather- 
ing additional  information  on  the  variety  and  number 
of  fish  associated  with  the  pits  could  be  used  to  evalu- 
ate their  populations  as  well  (Scanlon  et  al.,  2005).  The 
data  reported  here  on  pits  uninhabited  and  habited  by 
red  grouper  will  be  useful  for  management  and  could 
be  used  to  assess  the  long-term  health  and  status  of 
the  important  fish  communities  found  in  grouper  pits. 
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Contributions  published  in  Fishery  Bulletin  describe 
original  research  in  marine  fishery  science,  fishery  en- 
gineering and  economics,  as  well  as  the  areas  of  ma- 
rine environmental  and  ecological  sciences  (including 
modeling).  Preference  will  be  given  to  manuscripts  that 
examine  processes  and  underlying  patterns.  Descriptive 
reports,  surveys,  and  observational  papers  may  occa- 
sionally be  published  but  should  appeal  to  an  audience 
outside  the  locale  in  which  the  study  was  conducted. 

Although  all  contributions  are  subject  to  peer  review, 
responsibility  for  the  contents  of  papers  rests  upon  the 
authors  and  not  on  the  editor  or  publisher.  Submission 
of  an  article  implies  that  the  article  is  original  and  is 
not  being  considered  for  publication  elsewhere. 

Plagiarism  and  double  publication  are  considered 
serious  breaches  of  publication  ethics.  To  verify  the 
originality  of  the  research  in  papers  and  to  identify 
possible  previous  publication,  manuscripts  may  be 
screened  with  plagiarism-detection  software. 

Manuscripts  must  be  written  in  English;  authors 
whose  native  language  is  not  English  are  strongly 
advised  to  have  their  manuscripts  checked  by  Eng- 
lish-speaking colleagues  before  submission. 

Once  a paper  has  been  accepted  for  publication,  on- 
line publication  takes  approximately  3 weeks. 

There  is  no  cost  for  publication  in  Fishery  Bulletin. 

Types  of  manuscripts  accepted  by  the  journal 

Articles  generally  range  from  20  to  30  double-spaced 
typed  pages  (12-point  font)  and  describe  an  original 
contribution  to  fisheries  science,  engineering,  or  eco- 
nomics. Tables  and  figures  are  not  included  in  this 
page  count,  but  the  number  of  figures  should  not  ex- 
ceed one  figure  for  every  four  pages  of  text.  Articles 
contain  the  following  divisions:  abstract,  introduction, 
methods,  results,  and  discussion. 

Short  contributions  are  generally  less  than  15  double 
spaced  typed  pages  (12-point  font)  and,  like  articles, 

1 describe  an  original  contribution  to  fisheries  science, 
i They  follow  the  same  format  as  that  for  articles:  ab- 
stract, introduction,  results  and  discussion,  but  the  re- 
sults and  discussion  sections  may  be  combined.  They 
are  distinguished  from  full  articles  in  that  they  report 
a noteworthy  new  observation  or  discovery — such  as 
the  first  report  of  a new  species,  a unique  finding,  con- 
dition, or  event  that  expands  our  knowledge  of  fisheries 
science,  engineering  or  economics — and  do  not  require 
a lengthy  discussion. 


Companion  articles  are  presented  together  and  pub- 
lished together  as  a scientific  contribution.  Both  arti- 
cles address  a closely  related  topic  and  may  be  articles 
that  result  from  a workshop  or  conference.  They  must 
be  submitted  to  the  journal  at  the  same  time. 

Review  articles  generally  range  from  40  to  60  double- 
spaced typed  pages  (12-point  font)  and  address  a timely 
topic  that  is  relevant  to  all  aspects  of  fisheries  science. 
They  should  be  forward  thinking  and  address  novel 
views  or  interpretations  of  information  that  encourage 
new  avenues  of  research.  They  can  be  reviews  based  on 
the  outcome  from  thematic  workshops,  or  contributions 
by  groups  of  authors  who  want  to  focus  on  a particular 
topic,  or  a contribution  by  an  individual  who  chooses  to 
review  a research  theme  of  broad  interest  to  the  fish- 
eries science  community.  A review  article  will  include 
an  abstract,  but  the  format  of  the  article  per  se  will  be 
up  to  the  authors.  Please  contact  the  Scientific  Editor 
to  discuss  your  ideas  regarding  a review  article  before 
embarking  on  such  a project. 

Preparation  of  manuscript 

Title  page  should  include  authors’  full  names,  mailing 
addresses,  and  the  senior  author’s  e-mail  address. 

Abstract  should  be  limited  to  200  words  (one-half  typed 
page),  state  the  main  scope  of  the  research,  and  empha- 
size the  authors  conclusions  and  relevant  findings.  Do 
not  review  the  methods  of  the  study  or  list  the  contents 
of  the  paper.  Because  abstracts  are  circulated  by  ab- 
stracting agencies,  it  is  important  that  they  represent 
the  research  clearly  and  concisely. 

General  text  must  be  typed  in  12-point  Times  New  Ro- 
man font  throughout.  A brief  introduction  should  con- 
vey the  broad  significance  of  the  paper;  the  remainder 
of  the  paper  should  be  divided  into  the  following  sec- 
tions: Materials  and  methods,  Results,  Discussion,  and 
Acknowledgments.  Headings  within  each  section  must 
be  short,  reflect  a logical  sequence,  and  follow  the  rules 
of  subdivision  (i.e.,  there  can  be  no  subdivision  with- 
out at  least  two  subheadings).  The  entire  text  should 
be  intelligible  to  interdisciplinary  readers;  therefore,  all 
acronyms,  abbreviations,  and  technical  terms  should  be 
written  out  in  full  the  first  time  they  are  mentioned. 
Abbreviations  should  be  used  sparingly  because  they 
are  not  carried  over  to  indexing  databases  and  slow 
readability  for  those  readers  outside  a discipline.  They 
should  never  be  used  for  the  main  subject  (species, 
method)  of  a paper. 

For  general  style,  follow  the  U.S.  Government  Print- 
ing Office  Style  Manual  (2008)  [available  at  website] 
and  Scientific  Style  and  Format:  the  CSE  Manual  for 
Authors,  Editors,  and  Publishers  (2014,  8th  ed.)  pub- 
lished by  the  Council  of  Science  Editors.  For  scientific 
nomenclature,  use  the  current  edition  of  the  American 
Fisheries  Society’s  Common  and  Scientific  Names  of 
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Fishes  from  the  United  States,  Canada,  and  Mexico  and 
its  companion  volumes  ( Decapod  Crustaceans,  Mollusks, 
Cnidaria  and  Ctenophora,  and  World  Fishes  Impor- 
tant to  North  Americans).  For  species  not  found  in  the 
above  mentioned  AFS  publications  and  for  more  recent 
changes  in  nomenclature,  use  the  Integrated  Taxonom- 
ic Information  System  (ITIS)  (available  at  website),  or, 
secondarily,  the  California  Academy  of  Sciences  Cata- 
log of  Fishes  (available  at  website)  for  species  names 
not  included  in  ITIS.  Common  (vernacular)  names  of 
species  should  be  lowercase.  Citations  must  be  given 
of  taxonomic  references  used  for  the  identification  of 
specimens.  For  example,  “Fishes  were  identified  accord- 
ing to  Collette  and  Klein-MacPhee  (2002);  sponges  were 
identified  according  to  Stone  et  al.  (2011).” 

Dates  should  be  written  as  follows:  11  November 
2000.  Measurements  should  be  expressed  in  metric 
units,  e.g.,  58  metric  tons  (t);  if  other  units  of  measure- 
ment are  used,  please  make  this  fact  explicit  to  the 
reader.  Use  numerals,  not  words,  to  express  whole  and 
decimal  numbers  in  the  general  text,  tables,  and  fig- 
ure captions  (except  at  the  beginning  of  a sentence). 
For  example:  We  considered  3 hypotheses.  We  collected 
7 samples  in  this  location.  Use  American  spelling.  Re- 
frain from  using  the  shorthand  slash  (/),  an  ambiguous 
symbol,  in  the  general  text. 

Word  usage  and  grammar  that  may  be  useful  are  the 
following: 

• Aging  For  our  journal,  the  word  aging  is  used  to 
mean  both  age  determination  and  the  aging  pro- 
cess (senescence).  Authors  should  make  clear  which 
meaning  is  intended  where  ambiguity  may  arise. 

• Fish  and  fishes  For  papers  on  taxonomy  and  biodi- 
versity, the  plural  of  fish  is  fishes,  by  convention.  In 
all  other  instances,  the  plural  is  fish. 

Examples: 

The  fishes  of  Puget  Sound  [biodiversity  is  indicated]; 
The  number  of  fish  caught  that  season  [no  emphasis 
on  biodiversity]; 

The  fish  were  caught  in  trawl  nets  [no  emphasis  on 
biodiversity] . 

The  same  logic  applies  to  the  use  of  the  words  crab 
and  crabs,  squid  and  squids,  etc. 

• Sex  For  the  meaning  of  male  and  female,  use  the 
word  sex,  not  gender. 

• Participles  As  adjectives,  participles  must  modify  a 
specific  noun  or  pronoun  and  make  sense  with  that 
noun  or  pronoun. 

Incorrect: 

Using  the  recruitment  model,  estimates  of  age-1  re- 
cruitment were  determined.  [Estimates  were  not 
using  the  recruitment  model.] 


Correct: 

Using  the  recruitment  model,  we  determined  age- 
1 estimates  of  recruitment.  [The  participle  now 
modifies  the  word  we,  i.e.,  those  who  were  using 
the  model.] 

Incorrect: 

Based  on  the  collected  data,  we  concluded  that  the 
mortality  rate  for  these  fish  had  increased.  [We 
were  not  based  on  the  collected  data.] 

Correct: 

We  concluded,  on  the  basis  of  the  collected  data,  that 
the  mortality  rate  for  these  fish  had  increased. 
[Eliminate  the  participle  and  replace  it  with  the 
adverbial  phrase  on  the  basis  of.] 

Equations  and  mathematical  symbols  should  be  set  from 
a standard  mathematical  program  (MathType)  and  tool 
(Equation  Editor  in  MS  Word).  LaTex  is  acceptable  for 
more  advanced  computations.  For  mathematical  sym- 
bols in  the  general  text  (a,  yf,  n,  ±,  etc.),  use  the  sym- 
bols provided  by  the  MS  Word  program  and  italicize  all 
variables,  except  those  variables  represented  by  Greek 
letters.  Do  not  use  photo  mode  when  creating  these 
symbols  in  the  general  text  and  do  not  cut  and  paste 
equations  and  letters  or  symbols  of  variables  from  a dif- 
ferent software  program. 

Number  equations  (if  there  are  more  than  1)  for  fu- 
ture reference  by  scientists;  place  the  number  within 
parentheses  at  the  end  of  the  first  line  of  the  equation. 

Literature  cited  section  comprises  published  works  and 
those  accepted  for  publication  in  peer-reviewed  journals 
(in  press).  Follow  the  name  and  year  system  for  cita- 
tion format  in  the  “Literature  cited”  section  (that  is  to 
say,  citations  should  be  listed  alphabetically  by  the  au- 
thors’ last  names,  and  then  by  year  if  there  is  more 
than  one  citation  with  the  same  authorship.  A list  of 
abbreviations  for  citing  journal  names  can  be  found  at 
website. 

Authors  are  responsible  for  the  accuracy  and  com- 
pleteness of  all  citations.  Literature  citation  format: 
Author  (last  name,  followed  by  first-name  initials).  Year. 
Title  of  article.  Abbreviated  title  of  the  journal  in  which 
it  was  published.  Always  include  number  of  pages.  For 
a sequence  of  citations  in  the  general  text,  list  chrono- 
logically: (Smith,  1932:  Green.  1947;  Smith  and  Jones, 
1985). 

Acknowledgments  should  be  no  more  than  6 lines  of 
text.  Only  those  who  have  contributed  in  an  outstand- 
ing way  should  be  acknowledged  by  name.  For  recogni- 
tion of  other  persons  or  groups,  use  a general  term, 
such  as  “crew,”  “observers,”  “research  coordinators,”  and 
do  not  include  names  with  these  terms. 

Digital  object  identifier  (doi)  code  ensures  that  a publica- 
tion has  a permanent  location  online.  Doi  code  should 
be  included  at  the  end  of  citations  of  published  litera- 
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ture.  Authors  are  responsible  for  submitting  accurate 
doi  codes.  Faulty  codes  will  be  deleted  at  the  page-proof 
stage. 

Cite  all  software,  special  equipment,  and  chemical 
solutions  used  in  the  study  within  parentheses  in  the 
general  text:  e.g.,  SAS,  vers.  6.03  (SAS  Inst.,  Inc.,  Cary, 
NC). 

Footnotes  are  used  for  all  documents  that  have  not  been 
formally  peer  reviewed  and  for  observations  and  per- 
sonal communications.  These  types  of  references  should 
be  cited  sparingly  in  manuscripts  submitted  to  the 
journal. 

All  reference  documents,  administrative  reports, 
internal  reports,  progress  reports,  project  reports, 
contract  reports,  personal  observations,  personal 
communications,  unpublished  data,  manuscripts  in  re- 
view, and  council  meeting  notes  are  footnoted  in  9 pt 
font  and  placed  at  the  bottom  of  the  page  on  which  they 
are  first  cited.  Footnote  format  is  the  same  as  that  for 
formal  literature  citations.  A link  to  the  online  source 

(e.g.,  [http://www/.. , accessed  July  2007.]),  or  the 

mailing  address  of  the  agency  or  department  holding 
the  document,  should  be  provided  so  that  readers  may 
obtain  a copy  of  the  document. 

Tables  are  often  overused  in  scientific  papers;  it  is  sel- 
dom necessary  to  present  all  the  data  associated  with  a 
study.  Tables  should  not  be  excessive  in  size  and  must 
be  cited  in  numerical  order  in  the  text.  Headings  should 
be  short  but  ample  enough  to  allow  the  table  to  be  in- 
telligible on  its  own. 

All  abbreviations  and  unusual  symbols  must  be  ex- 
plained in  the  table  legend.  Other  incidental  comments 
may  be  footnoted  with  italic  numeral  footnote  markers. 
Use  asterisks  only  to  indicate  significance  in  statistical 
data.  Do  not  type  table  legends  on  a separate  page; 
place  them  above  the  table  data.  Do  not  submit  tables 
in  photo  mode. 

• Note  probability  with  a capital,  italic  P. 

• Provide  a zero  before  all  decimal  points  for  values 

less  than  one  (e.g.,  0.07). 

• Round  all  values  to  2 decimal  points. 

• Use  a comma  in  numbers  of  five  digits  or  more  (e.g., 

13,000  but  3000). 

Figures  must  be  cited  in  numerical  order  in  the  text. 
Graphics  should  aid  in  the  comprehension  of  the  text, 
but  they  should  be  limited  to  presenting  patterns  rather 
than  raw  data.  Figures  should  not  exceed  one  figure  for 
every  four  pages  of  text  and  must  be  labeled  with  the 
number  of  the  figure.  Place  labels  A,  B,  C,  etc.  within 
the  upper  left  area  of  graphs  and  photos.  Avoid  placing 
labels  vertically  (except  for  the  y axis). 

Figure  legends  should  explain  all  symbols  and  abbre- 
viations seen  in  the  figure  and  should  be  double-spaced 
on  a separate  page  at  the  end  of  the  manuscript. 


Line  art  and  halftone  figures  should  be  saved  at  a 
resolution  of  >800  dpi  (dots  per  inch)  and  >300  dpi, 
respectively.  Color  is  allowed  in  figures  to  show  mor- 
phological differences  among  species  (i.e.,  for  species 
identification),  to  show  stain  reactions,  and  to  show 
gradations,  such  as  those  of  temperature  and  salinity 
within  maps.  Color  is  discouraged  in  graphs.  For  the 
few  instances  where  color  is  allowed,  the  use  of  color 
will  be  determined  by  the  Managing  Editor.  Figures 
approved  for  color  should  be  saved  in  CMYK  format. 

All  figures  must  be  submitted  as  either  PDF  of  EPS 
files. 

• Capitalize  the  first  letter  of  the  first  word  in  all  la- 
bels within  figures. 

• Do  not  use  overly  large  font  sizes  in  maps  and  for 
axis  labels  in  graphs. 

• Do  not  use  bold  fonts  or  bold  lines  in  figures. 

• Do  not  place  outline  rules  around  graphs. 

• Place  a North  arrow  and  label  degrees  latitude  and 
longitude  (e.g.,  170°E)  in  all  maps. 

• Use  symbols,  shadings,  or  patterns  (not  clip  art)  in 
maps  and  graphs. 

Supplementary  materials  that  are  considered  essential, 
but  are  too  large  or  impractical  for  inclusion  in  a paper 
(e.g.,  metadata,  figures,  tables,  videos,  websites),  may 
be  provided  at  the  end  of  an  article.  These  materials 
are  subject  to  the  editorial  standards  of  the  journal. 
A URL  to  the  supplementary  material  and  a brief  ex- 
planation for  including  such  material  should  be  sent 
at  the  time  of  initial  submission  of  the  paper  to  the 
journal. 

• Metadata,  figures,  and  tables  should  be  submitted  in 
standard  digital  format  (Word  docx)  and  should  be 
cited  in  the  general  text  as  (Suppl.  Table,  Suppl.  Fig., 
etc.). 

• Websites  should  be  cited  as  (Suppl.  website)  in  the 
general  text  and  be  made  available  with  doi  code  (if 
possible)  at  the  end  of  the  article. 

• Videos  must  not  be  larger  than  30  MB  to  allow  a 
swift  technical  response  for  viewing  the  video.  Au- 
thors should  consider  whether  a short  video  uniquely 
captures  what  text  alone  cannot  capture  for  the  un- 
derstanding of  a process  or  behavior  under  exami- 
nation in  the  article.  Supply  an  online  link  to  the 
location  of  the  video. 

Copyright  law  does  not  apply  to  Fishery  Bulletin,  which 
falls  within  the  public  domain.  However,  if  an  author 
reproduces  any  part  of  an  article  from  Fishery  Bulle- 
tin, reference  to  source  is  considered  correct  form  (e.g., 
Source:  Fish.  Bull.  97:105). 
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Failure  to  follow  these  guidelines 
and  failure  to  correspond  with  editors 
in  a timely  manner  will  delay 
publication  of  a manuscript. 

Submission  of  manuscript 

Submit  manuscript  online  at  the  ScholarOne  website. 
Commerce  Department  authors  should  submit  papers 
under  a completed  NOAA  Form  25-700.  For  further  de- 
tails on  electronic  submission,  please  contact  the  As- 
sociate Editor,  Kathryn  Dennis,  at 

kathryn . dennis@noaa.  gov 


When  requested,  the  text  and  tables  should  be  submit- 
ted in  Word  format.  Figures  should  be  sent  as  separate 
PDF  or  EPS  files.  Send  a copy  of  figures  in  the  original 
software  if  conversion  to  any  of  these  formats  yields  a 
degraded  version  of  the  figure. 

Questions?  If  you  have  questions  regarding  these 
guidelines,  please  contact  the  Managing  Editor,  Sharyn 
Matriotti,  at 

sharyn.matriotti@noaa.gov 

Questions  regarding  manuscripts  under  review  should 
be  addressed  to  Kathryn  Dennis,  Associate  Editor. 
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